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Arbitrary orientation of atoms and molecules via coherent population trapping
by elliptically polarized light

Valery Milner, Boris M. Chernobrod, and Yehiam Prior
Chemical Physics Department, Weizmann Institute of Science, Rehovot 76100, Israel

~Received 8 April 1998; revised manuscript received 1 February 1999!

The interaction of laser light of arbitrary polarization with systems of high angular momentum is considered.
We show that elliptically polarized light creates an anisotropic spatial distribution of atomic and molecular
angular momentum which is qualitatively different from the alignment and orientation induced by light of
circular or linear polarization. Multilevel coherent population trapping within a manifold of ground-state
magnetic sublevels results in a nonclassical behavior of a high-J molecular rotor. The classical approximation
for the angular momentum distribution is compared with the exact quantum calculations, and is shown to fail
in cases of long interaction times and high intensities of the exciting light. In these limits, the quantum
uncertainty defines the spatial width of the angular distribution. The applicability of the classical treatment is
analyzed and found to be different in the cases ofJ˜J21 andJ˜J transitions. A biaxial spatial orientation
with two preferential axes of rotation is experimentally created in sodium atoms via coherent population
trapping by elliptically polarized light. A method for producing an arbitrary orientation of atomic angular
momentum by magnetic field assisted coherent population trapping is proposed.@S1050-2947~99!01708-4#

PACS number~s!: 33.80.Ps, 42.50.Gy, 33.20.Sn
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I. INTRODUCTION

In 1950, Kastler@1# proposed optical pumping~OP! as a
method of producing anisotropic angular momentum dis
bution in the electronic ground state of atoms through
resonant absorption of circularly polarized light followed
spontaneous emission. Optical pumping within an ene
level which is degenerate over its magnetic sublevels can
viewed as originating from the existence of sublevels wh
are uncoupled from the exciting light. The population
such~one or more! uncoupled sublevels may grow if there
spontaneous emission back to the same ground state~closed
system!, or remain unperturbed while all other sublevels a
excited by the light and decay to other levels~open system!.
In both cases, the result of the repeated absorption-emis
cycles of the OP process is a nonequilibrium population d
tribution of the degenerate magnetic sublevels. In quan
terminology, a nonuniform population of magnetic sublev
means a spatial anisotropy of the angular momentum.
uncoupled magnetic sublevels~or m sublevels wherem is the
projection of the total angular momentumJ) are defined by
the type of transition and the polarization of the exciti
light. As an example, circularly polarized (s) light interact-
ing with a P type molecular transition (J˜J21) does not
couple the sublevelsm5J,J21 to the excited state, while
for the Q transition (J˜J), it is m5J which is not coupled
@see Figs. 1~a! and 1~b!#. In both cases the OP causesorien-
tation ~axial and directional spatial distribution! of the
ground state along the wave vectork of the exciting light.
Alignment ~axial but nondirectional spatial distribution! of
the level may be created by linearly polarized (p) excitation
which ~depending on the transition! does not deplete the sub
levelsm56J ~longitudinal alignment! or m50 ~transverse
alignment!.

The redistribution of the ground-state angular moment
due to optical pumping by polarized light has been th
PRA 601050-2947/99/60~2!/1293~12!/$15.00
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oughly studied by Ducloy@2–4#, Zare @5,6#, Auzin’sh and
Ferber@7#, and Bergmann@8#. In recent years, several exper
mental groups have demonstarted many important related
fects such as polarization rotation@9,10#, spatial splitting
@11#, and spatial deflection@12# of laser beams propagatin
in an optically oriented medium.

As a rule, auniaxial ~or cylindrical! symmetry of the
ground-state angular momentum distribution was conside

FIG. 1. Coupling schemes between them sublevels withinP
~left column! andQ ~right column! transition. The quantization axis
is taken to be directed along the light propagation~a!–~d! for cir-
cular ~a!,~b! and elliptical ~c!,~d! polarization, and along the EDS
axis ~e! and ~f!. Sublevels participating in the coherent populati
trapping are plotted by thick lines, and the noncoupled sublevels
depicted by bold.
1293 ©1999 The American Physical Society
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by most authors. A single symmetry axis exists in the ca
of s or p excitation, and it is collinear with the light propa
gation direction or the polarization vector, respectively. F
these polarizations, if the appropriate quantization axis
chosen, the multilevel system may be decomposed into a
of independent two-level subsystems and one~or more! non-
coupled sublevel~s! @Figs. 1~a! and 1~b!#. Thus, the steady
state density matrix remains diagonal, and the orienta
~alignment! of the ensemble is fully defined by the popul
tion of the magnetic sublevels without any cross cohere
terms. However, such a convenient choice of the quant
tion axis is not possible for the general case of arbitr
~elliptical! polarization of the exciting light, when the cros
coherence terms cannot be avoided inanyquantization basis
@Figs. 1~c! and 1~d!#. Several theoretical papers@7,13,14#
analyzed the quantum interaction of a multilevel system w
elliptically polarized light, but the geometrical picture of th
angular momentum distribution and its experimental ram
cations have not been appreciated.

In this article we apply an optical pumping approach on
the general case of elliptical polarization, and show, b
theoretically and experimentally, that the result is a ve
unique biaxial spatial distribution of angular momentum
Moreover, by applying a weak magnetic field, this distrib
tion is transformed into a uniaxial orientation in which th
symmetry axis depends on the polarization ellipticity, a
may be changed without changing the exciting light pro
gation direction. Consequently, our method can produce
arbitrary orientationof a molecular~atomic! ensemble by a
single laser beam and a properly oriented magnetic field

Whereass (p) light optically pumps the system into
single, or at most two, uncoupledm sublevel, optical pump-
ing by elliptically polarized light, as we have shown recen
@15#, transfers the population into a multilevel elliptical da
state ~EDS!—a coherent superposition of many magne
sublevels which is completely uncoupled from the exciti
light. The analysis of the angular momentum distribution
the elliptical dark state requires a full quantum treatemen
the interaction, which is presented in Sec. II. For high-J tran-
sitions, one might expect to treat a molecule as a class
rotor characterized by the spherical coordinates of its ang
momentumJ. The classical approach is considered in S
III, where we show that even though coherences are
glected, the spatial distribution ofJ may nevertheless be es
timated and observed. In Sec. IV we analyze the nonclass
aspects of the resonant interaction of a molecular rotor wi
large angular momentum, and give the limits of applicabil
and the drawbacks of the classical analysis. Finally, in S
V, the method of observation and the experimental proo
biaxial spatial orientation are presented. The possiblity
creating arbitrary orientation of atoms and molecules, a
the potential utilization of the elliptical dark states for optic
magnetometry are discussed in Sec. VI.

II. QUANTUM APPROACH

Consider a model system of two levels with energies a
angular momentaE9,J9 and E8,J8 for the ground and ex-
cited states, respectively, degenerate over the projectio
angular momentum~Fig. 1!. The interaction of this system
with resonant electromagnetic field of polarizationq, E(t)
s
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5Eqe2 ivt1c.c., is described by the nonstationary Sch¨-
dinger equation

i\
]

]t
C~ t !5@Ĥ01V̂~ t !#C~ t !, ~1!

with the interaction HamiltonianV̂(t)52E„t…d, whered is
the transition dipole moment between theJ9 andJ8 states. In
the interaction picture, the solution is sought in the form

C~ t !5e2 i (E8/\)t (
umu<J8

am~ t !cm8 1e2 i (E9/\)t (
umu<J9

bm~ t !cm9 ,

~2!

where the amplitudesam(t) correspond to the excited sta
levels, the amplitudesbm(t) correspond to the ground-sta
levels, and cm is the eigenfunction of the unperturbe
HamiltonianĤ0 corresponding to the magnetic sublevel wi
the quantum numberm. In the rotating-wave approximation
Eq. ~1! reduces to a set of coupled differential equatio
@16#:

i\ȧm~ t !5Vm,m21bm21~ t !1Vm,m11bm11~ t !2gam~ t !,
~3!

i\ḃm~ t !5~Vm21,m!* am21~ t !1~Vm11,m!* am11~ t !,

where the indexm covers all possible magnetic quantu
numbers for each level and 2g is added as the spontaneo
emission decay rate of the excited state population~assumed
equal for all sublevels!. Here we assume that spontaneo
emission is the only relaxation channel of the system un
investigation, and consider anopen transition, where a spon-
taneously emitted photon does not bring a system back t
initial ground state. This assumption is very well justified f
molecular systems.

The matrix elements of the interaction Hamiltonian m
be written according to the Wigner-Eckart theorem as
product of dynamic and angular parts:

Vm,m85Ed3FqDm•~21!J92m
•S J9 1 J8

2m Dm m8
D G , ~4!

where the reduced matrix elementd5^J9uuduuJ8& is indepen-
dent on the magnetic quantum numbers,Dm5m2m8, and
q0,61 are the components of the polarization vector in cyc
coordinates.

A. Coherent population trapping by elliptically polarized light

If the quantization axis is chosen along the propagat
direction of the light, then the components of the polarizat
vector are

q1152e2 idcosS «2
p

4 D , q050, q215eidcosS «1
p

4 D .

~5!

Here the parameterd (0<d<p) determines the orientation
angle of the polarization ellipse~the angle between its majo
axis and the coordinate axisx!, and tan(«) (2p/4<«
<p/4) is the ratio between the minor and major axes of
polarization ellipse.
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In the case of linearly or circularly polarized radiation, t
degenerate multilevel system decomposes into a set of i
pendent two-level subsystems and noncoupled sublevels
it is possible to find analytical solutions of Eq.~3!. The
‘‘edge’’ sublevels with the projectionm56J or m5J,J
21 (2J,2J11), depending on the type of transition an
light polarization, are noncoupled and remain populated@see,
for example, Figs. 1~a! and 1b!#. All other sublevels are emp
tied out with the characteristic rategop of the optical pump-
ing, which is the lower rate between the spontaneous em
sion and laser excitation rates

gop'H g for ¸@1,

¸g for ¸!1,
~6!

where¸ is the saturation parameter,

¸5
1

2J11

~Ed!2

~2\g!2

~the degeneracy factor is included as in Ref.@17#!. Note, that
in the case of a closed~or partially closed! transition, the
optical pumping rate is decreased due to the possible s
taneous emission back to the samem sublevel. Nevertheless
gop

21 (top) determines the relevant time scale of the O
which we will use in the present analysis.

When the radiation has an arbitrary~elliptical! polariza-
tion, the situation is not as simple.All the ground state mag
netic sublevels are coupled to the excited state@Figs. 1~c!
and 1~d!#, and therefore an open system may be naively
pected to be emptied in a few excited state lifetimes. Ho
ever, for P(J) (J˜J21) and Q(J) (J˜J) transitions, a
noncoupled stateCNC satisfying

V̂~ t !CNC[0, ~7!

may still be found, as was theoretically shown in Re
@13,14,16#. Unlike the case of linear and circular polariz
tion, CNC is a coherent superposition ofmany ground m
sublevels. Nevertheless, the optical pumping mechanism
mains the same: after several characteristic timestop, the
system is optically pumped into the steady stateCNC and
stops absorbing or rescattering the exciting light, being i
so-calleddark state.

In general, it is very difficult to find an exact analytic
time-dependent solution of Eq.~3!. To illustrate the tempora
behavior of a multilevel system driven by elliptically pola
ized light, a numerical solution of Eq.~3! for the P(10)
transition is presented in Fig. 2.~A complete description of
the numerical procedure and analysis of different types
transitions is given in our earlier paper@18#.! The important
result shown in Fig. 2~a! is the long time steady state pop
lation which is achieved after the transient Rabi oscillatio
decay. The absence of Rabi oscillations at the end of
process means that there is no further interaction with
exciting light, even though the ground-state population
nonzero. On the other hand, the excited-state sublevels~gray
lines! are not populated, attesting to the fact that this is no
saturation phenomenon, but rather a coherent popula
trapping ~CPT!. CPT was originally demonstrated and
generally discussed for a three-levelL system@19,20#. The
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effect stems from the destructive interference of the quan
interaction amplitudes, and was generalized by us to
multi-L configuration@18#. Note, that transitionsR(J) (J
˜J11, not shown in Fig. 1! do not contain aL-type cou-
pling, and therefore do not support CPT@a noncoupled state
cannot be constructed to satisfy the condition of Eq.~7!#.

Coherent population trapping is an important~though not
necessary! condition for the optical orientation of open sy
tems. To show this, consider the properties of a dark s
prepared by elliptically polarized light@or elliptical dark
state~EDS!#. As we have recently demonstrated in Ref.@21#,
the character of the EDS is completely determined by
polarization of the exciting light. Namely, them-sublevel
population distribution of the EDS@Fig. 2~b!# and the cross
coherences between them reflect the light ellipticity: the
centricity and the orientation of the polarization ellipse. T
population distribution is very different for different trans
tion types. Consider theJ˜J transition excited by light of
elliptical polarization with uq11u.uq21u @Fig. 1~d!#. The
rightmostL in the multi-L chain consists of the two ground
state sublevelsm5J22,J andm5J21 of the excited state
For these sublevels we always haveuVJ21,J22u.uVJ21,Ju,
since the 3j symbol in Eq.~4! is larger for the smallerum8u.
The stationary condition for thesem sublevels is@Eq. ~3!#:

aJ2150, VJ21,J22bJ221VJ21,JbJ50, ~8!

whence the ‘‘edge’’ sublevel (m5J) in the ground-state
manifold is always more populated:ubJu2.ubJ22u2. How-
ever, for theJ˜J61 transitions, the 3j symbol has a maxi-
mum at um8u5J, and the last inequality is not necessar
true. In contrast, here the most populated sublevel is de
mined by the balance between the light ellipticity and them
dependence of the corresponding 3j symbol. This point is
illustrated in Fig. 2~b!, where the maximum of the populatio
distribution clearly corresponds to an intermediatem num-
ber.

FIG. 2. ~a! Population dynamics of several ground state ma
netic sublevels of aP(10) transition excited by elliptically polar-
ized light («50.4). The stationary ground state~bold line! nonzero
population after 10 lifetimes represents the multilevel coher
population trapping. The excited state population is depicted
gray lines.~b! The population distribution among magnetic suble
els in the elliptical dark state created within aP(10) transition.
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B. Choice of the quantization axis

Before looking at the spatial distribution of angular m
mentum of the elliptical dark state, it is instructive to supp
the analysis by a different approach, first presented in R
@22#. Consider a new quantization axisn(u,d), which in the
old basis is specified by two spherical angles: an arbitr
angleu and the orientation angle of the polarization ellipsed
t

-

ar

m
-
dg
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nt

e

t
f.

y

~Fig. 3!. To find the polarization vectorq8 in the new coor-
dinate system, one has to perform the rotation ofq by angle
u aroundy axis and then byd aroundz axis ~also equivalent
to the rotation by angleu around the minor axis of the po

larization ellipse!: q85Û(u,d)•q. The rotation matrix

Û(u,d) is given by@23#
Û~u,d!5S 1
2 ~11cosu! 2

i

A2
sinue2 id 2 1

2 ~12cosu!e22id

2
i

A2
sinueid cosu 2

i

A2
sinue2 id

2 1
2 ~12cosu!e2id 2

i

A2
sinueid 1

2 ~11cosu!

D . ~9!
sot-

nge
or

end

ted

r

l
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of
sity
Substitutingq from Eq. ~5!, it may be found that there exis
two values ofu such that for each of them the new vectorq8
consists of one circular and one linear component~instead of
two circular!. These two angles~with corresponding expan
sions in polarization components! are

u15arccos~ tan«!: q118 50,

q0852 iAcos 2«, q218 5A2sin«, ~10a!

u25p2arccos~ tan«!: q118 52A2sin«,

q0852 iAcos 2«, q218 50. ~10b!

If the quantization axis is now directed along the new pol
ization vectors~hereafter referred to as the EDS axes!, the
selection rules becomeDm850,11 ~or Dm850,21). As a
result, this transformation leads to the coupling sche
shown in Figs. 1~e! and 1~f! for P andQ transitions, respec
tively. In the former case, the existence of a noncoupled e
sublevel with the maximum projection of the angular m
mentum on the EDS axis (m85J or m852J) means that
the dark state is formed by molecules which are oriented
this direction. Since there are two such directions (u1,2), a
biaxial orientation may be expected, as we have rece
demostrated@21#. In the case of aQ transition@Fig. 1~f!#, a

FIG. 3. Spherical coordinates (u,d) of the new quantization
axis. The wave vector of the exciting lightk is collinear with thez
axis, and the angle between the major axis of the polarization
lipse and thex axis isd.
-

e

e
-
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ly

noncoupled sublevel does not exist and the rotational ani
ropy is not as clear, although the presence of theL-type
coupling manifests CPT in a new basis. Note, that the cha
of coordinate system does not ‘‘generate’’ uncoupled
L-coupled sublevels for theR transition ~not shown!, ex-
plaining the absence of the dark states, which cannot dep
on the choice of the quantization axis.

C. Angular momentum distribution

The angular momentum distribution may be calcula
using the coherent states representation@4,24#. The angular
momentum coherent stateuV& associated with the unit vecto
n(u,w) is defined by

uV&5exp~2 iw Ĵz!exp~2 iu Ĵy!uJJ& ~11!

and corresponds to theuJ,M5J& state of the conventiona
basis rotated by an angleu around they axis and then byw
around thez axis @same as vectorn(u,d) in Fig. 3 except
that polar anglew is a free parameter not necessarily equa
the orientation angled of the polarization ellipse#. In the
classical limit, for largeJ, the probability density function
r(V) may be introduced asr(V)5^Vur̂uV&, wherer̂ is the
density matrix operator. In this limit,r(V)dV represents the
probability that the angular momentumJ points inside the
solid angle dV5sinududw around the spatial direction
(u,w). Thusr(V) has a meaning of a spatial distribution
the angular momentum. It may be obtained from the den
matrix elements in theuJ,m& basis as

r~V!5 (
m,m8

$Am
J Am8

J ei (m82m)w@cos~1/2u!#2J2m2m8

3@sin~1/2u!#2J1m1m8rmm8%, ~12!

where
l-
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Am
J 5AS 2J!

~J1m!! ~J2m!! D .

An important conclusion is already derived from the simp
analysis of Eq.~12!: if no coherences are created (rm,m8
50 for mÞm8), as in the case of linear and circular pola
ization with a properly chosen quantization axis, a uniax
distributionr(V)[r(u) is obtained~see Fig. 4, the top and
the bottom rows!. For elliptical polarization, however, man
m sublevels are coupled by coherent field, and nonzero
herence terms must be considered inany coordinate system
The angular momentum distribution is therefore (u,w) de-
pendent, and will not have a single symmetry axis.

The angular momentum distributions of a dark state c
ated within theP(10) andQ(10) transitions are shown in
Fig. 4 for linear, two different elliptical, and circular pola
izations of the exciting light. The minor axis of the polariz
tion ellipse is taken to coincide with the vertical axisy
axis!. In all cases the long-time steady state is considered
the P case,r(V) in general has two spatial peaks whic
point along the two EDS axes defined byu1,2 in Eq. ~10!.
When the ellipticity parameter« changes from 0~linear po-
larization! to p/4 ~circular polarization!, the distribution axes
‘‘move’’ in the plane defined by the wave vectork of the
exciting light and the major axis of the polarization ellip
(x-z plane!. Namely, for«50 the EDS axes are antiparalle
resulting in a standard longitudinal alignment depicted
Fig. 4~a!. They twist towards thek vector ~or rotate around
y) as « increases@~b! and ~c!#, and finally merge to one
orientation peak~d! for «5p/4.

In contrast, in theQ case, the distribution is not cyllindri
cally symmetric but rather flattened. At«50, a transverse

FIG. 4. The angular momentum distribution of the elliptic
dark state created withinP ~left column! and Q ~right column!
transition for different ellipticities of the exciting light:~a!,~e!: «
50, linear;~b!,~f!: «50.1; ~c!,~g!: «50.7; ~d!,~h!: «5p/4, circular.
The arrows point the direction of the lightk vector, and the orien-
tation of the polarization ellipse is shown in~b!.
l

o-

-

In

pancakelike alignment is created@Fig. 4~e!#, which then
transforms to the elongated single-peak orientation («Þ0),
and finally possesses an axial symmetry when« equalsp/4
@plot ~h!#.

To study time evolution of the distribution, the time
dependent density matrix elements were found numeric
from Eq. ~3!. To simulate realistic situation, the initial con
ditions were of equally populated sublevels with no cro
coherences between them, and the results were aver
over random initial phases of the ground state wave func
amplitudesbm . In Fig. 5 the calculated time evolution of th
angular momentum distributionr(u,w) is shown for two
types of transitions,DJ561. If the interaction time is
shorter than the optical pumping timetop @plot ~a!#, the spa-
tial anisotropy is not very pronounced. In Fig. 5~b! the dis-
tribution at t55top is depicted, showing a similar biaxia
geometry for both cases, although the enlarged scale
DJ51 transition indicates a significant population loss of t
nonstationary state. After a longer interaction time@plot ~c!#,
the biaxial distributionr(u,w) in the P case remains stable
as the system approaches the stationary noncoupled
state~EDS!, while the nonstationary state is almost emp
From the above, it is clear thatP and Q transitions, which
support coherent population trapping, are the best candid
for studying effects of optical orientation of the angular m
mentum in open systems.

III. CLASSICAL APPROACH

In the classical approach the molecule is treated as a r
rotator, and any possible correlations between the magn
sublevels are neglected. In the CPT case, this approxima
is not strictly valid due to the laser-induced long-range c
herences between manym sublevels. In this sense, the ellip

FIG. 5. The calculated dynamics of the distribution of angu
momentum created withinJ520̃ J521 ~left column! andJ520
˜J519 ~right column! transition by optical pumping with ellipti-
cally polarized light («50.4). The interaction time is~a! t, ~b! 5t,
~c! 8t (t is the spontaneous lifetime of the excited state!. Two
axes of anisotropy~EDS axes! are clearly seen. The absence of t
stationary state in theDJ51 ~left! case results in a severe popul
tion loss@depicted by the scaling factor in plots~b! and~c!#, and the
disappearance of the biaxial orientation at long interaction time
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tical dark state is an example of a nonclassical state o
molecular rotor, even in the case of a large value of
angular momentum. The question arises, however, whe
the classical picture is even approximately valid for highJ’s,
and what are the limits of its applicability. This problem w
first addressed by Drullinger and Zare in Ref.@5#, who stud-
ied the degree of polarization of laser-induced fluoresce
in optical pumping of molecules. The comparison betwe
the classical and quantum treatements of the low inten
linearly polarized excitation, calculated in the rate equatio
approximation, showed that already forJ>5 the results are
almost the same. At high intensities, however, serious
agreements between the classical predictions and experi
tal observations were found. The experimentally measu
degree of polarization was much higher than its classic
calculated value.

The problem of the equivalence of the classical and qu
tum approaches was at the focus of many theoretical
experimental works~for a review, see Ref.@25#, and refer-
ences therein!. As was originally shown by Ducloy@2,4# and
later investigated in depth by Auzin’sh and Ferber@7,26#, the
exact~for any J) equations for the density matrixr(V,V8)
in the coherent states representation may be expanded
the irreducible tensorial set of polarization momentsrQ

k

~‘‘ kQ representation’’!. Here theQ number corresponds t
the order~in Dm) of the laser-induced coherence. Since t
diagonal elements of the density matrix represent the ang
momentum distribution, this distribution may, in principl
be obtained by integrating the equations of motion of
polarization moments followed by further reconstruction
r. For high J’s, however, the number of equations is to
large (0<k<J, uQu<k), and this method of findingr be-
comes practically impossible. On the other hand, in the c
sical limit, the off-diagonal matrix elementsr(V,V8) (V
ÞV8) may be neglected, since the absorption~emission! of
one photon with spin 1 by a high-J rotor cannot change th
direction ofJ substantially. In this case, the classical Blo
equations may be written and solved analytically. In wh
follows, we apply the classical approach to the case of el
tically polarized light, and compare the classical and qu
tum predictions.

A. Classical equations for the density matrix

The classical equations for the diagonal elements of
density matrix were obtained by Ducloy@3#, and later gen-
eralized by Nasyrov and Shalagin@27# for a two-level system
with laser-induced coherences. In the rotating wave appr
mation and for the case of spontaneous emission as the
relaxation mechanism, these equations are

ṙaa~V!52 Re@ iVab* ~V!rab~V!#22graa~V!,

ṙbb~V!522 Re@ iVab* ~V!rab~V!#, ~13!

ṙab~V!5 iVab~V!@rbb~V!2rab~V!#2grab~V!.

As can be seen, Eqs.~13! have a structure which is we
known for a two-level system, except for the parametric
pendence of all matrix elements on an external parameteV.
This parameter determines the two spherical angles (0<u
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<p,2p<w<p) that characterize the direction of the clas
cal angular momentum~Fig. 3!. The indexesa andb corre-
spond to the excited and ground states, respectively, andg
is the rate of spontaneous emission decay from the exc
level out of the system~for simplicity we will consider a
totally open system, i.e., the probability of returning to t
same ground state is zero!. Note, that we keep one-photo
coherences, and neglect all higher order ones.

The classical interaction Hamiltonian may be written a
product of the dynamic partW, and the angular par
V(u,w)5qd* , determined by the Hermitian product of th
light polarization vectorq and the unit vectord. Then for
Vab(V) we have

Vab~V!5W3V~u,w!5W3 (
Q521

1

~21!QqQDDQ
1* ~0,u,f!.

~14!

HereqQ are the cyclic components of the polarization vect
DDQ

1 (0,u,f) is the WignerD matrix, and the type of transi
tion is defined byD5Ja2Jb . Using an explicit form of
DDQ

1 (0,u,f):

D\Q 1 0 21

1 1
2 (11cosu)e2iw 1

A2
sinu

1
2 (12cosu)eiw

0
1

A2
sinue2iw cosu 2

1

A2
sinueiw

21 1
2 (12cosu)e2iw 1

A2
sinu

1
2 (11cosu)eiw

one obtains forP and R transitions (D521 and D511,
respectively!

uV~u,w!u5 1
2 @11cos2u12D cosu sin 2«

2sin2u cos 2« cos 2~w2d!#1/2, ~15!

where the polarization parameters« and d were defined in
Eq. ~5!. For Q transitions (D50) we find

uV~u,w!u5
sinu

A2
@11cos 2« cos 2~w2d!#. ~16!

B. Time-dependent solution

In Ref. @27#, the steady-state solution of Eqs.~13! was
found. To prevent the emptying out of an open system,
authors introduced an isotropic flux of molecules into t
ground and excited states. However, in many cases
model is not adequate. For example, when molecules p
through a laser beam, the population or the angular mom
tum distributionat the exitof the interaction zone is deter
mined by the time of flight across the beam, and cannot
found as a steady-state solution. Thus, the full tim
dependent solution of Eqs.~13! is needed. If the excited stat
was initially empty,rbb(V)51, raa(V)5rab(V)50, the
solution for the ground-state population is given by
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rbb~u,w!5
1

4G2
@~g2G!2e2(g1G)t1~g1G!2e2(g2G)t

28W2uV~u,w!u2e2gt#, ~17!

G5Ag224W2uV~u,w!u2.

Although the coherent population trapping is lost in this p
ture ~due to the omission of coherences!, the angular mo-
mentum distribution of the ground-state moleculesrbb(V)
strongly depends on the spherical angles (u,w). In fact, the
ground state is not at all depleted in the directions of z
interaction strengthuV(u,w)u50, if such directions exist
For any other direction, the stationary solution is zero due
the spontaneous decay out of the system.

In terms of the interaction strength, one may consi
strong and weak excitation, as determined by the satura
parameteŗ 5W2/g2. For weak excitation (̧!1), the ap-
proximate solution is given by

rbb~u,w!.e22g¸uV(u,w)u2t, ~18!

which describes the anisotropic relaxation of the ground s
at the rategop52g¸uV(u,w)u2. This process results in
(u,w)-dependent angular momentum distribution.

For strong excitation (̧@1), two situations may be dis
tinguished

¸uV~u,w!u2!1, ~19a!

¸uV~u,w!u2@1. ~19b!

The first condition determines the directions of a ‘‘slo
depletion,’’ when Eq.~18! holds again. Along the direction
determined by Eq.~19b!, the population oscillates at the we
known Rabi frequency and decays to zero with an isotro
optical pumping rategop5g, as given by

rbb~u,w!.e2gt$cos@WuV~u,w!ut#%2. ~20!

The important conclusion of this analysis may be summ
rized as follows: for above-saturation light intensities the o
entational features ofrbb(u,w) are mostly determined by th
saturation parameter, whereas in the weak-excitation reg
the duration of interaction plays a key role.

IV. VALIDITY OF THE CLASSICAL APPROXIMATION

A. Weak-field limit

Equations~17! and ~15! yield the classical distribution in
the case of aP transition, and this distribution is depicted
Fig. 6~a!. The two narrow spatial peaks~‘‘whiskers’’ ! of this
distribution correspond to the zeros of the angular part of
classical interaction Hamiltonian (uV(u,w)u50):

cosu1,25tan«, w5d. ~21!

One can see that these two spatial directions (u1,2,w) coin-
cide exactly with the two EDS axes determined by E
~10a!,~10b!. It is now clear~and not surprising! that for aP
transition, which supports coherent population trappi
rbb(u,w) in the directions of the EDS axes represent
-
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classical analog of the population of a noncoupledm sub-
level. Therefore, the limits of applicability of the classic
treatment may already be formulated: the width of the spa
‘‘whiskers’’ of the angular momentum distribution cannot b
smaller than the quantum uncertainty, which could be e
mated as

~Du!2>^Jx
21Jy

2&/J2;1/J. ~22!

In the quantum picture, the elliptical dark state is complet
formed if the interaction time is longer than the time of o
tical pumping, which for a weak excitation (¸!1) is given
by top5(¸g)21 @Eq. ~6!#. In this limit, from Eq. ~18! and
from the expansion of Eq.~15! around the zeros ofuV(u,w)u,
one obtains

~Du!2!~gt¸ cos 2«!21 for cos 2«.A1/gt¸,
~23a!

~Du!2!~gt¸!21/2 for cos 2«,A1/gt¸, ~23b!

where ~b! defines an almost circular polarization («
.6p/4). For elliptical polarization, Eq.~23a! and Eq.~22!
provide the validity condition of the classical approximatio

t,tcl[J~g¸!21. ~24!

This result is illustrated in Fig. 6, where the classical~top!
and the quantum~bottom! angular momentum distribution
are presented fort.tcl . ~Hereafter, the ellipticity paramete
used in our numerical analysis is 0.1 forP transition, and 0.7
for Q transition.! If the duration of the interaction is longe
than tcl , the classical distribution is narrower than th
‘‘quantum-uncertainty limit’’ and the classical treatment
not valid @compare plots~a! and ~b!#.

The same analysis may be applied for theQ transition
@Figs. 6~c! and 6~d!#. Note that the classical distribution i
not only narrower than the exact result of the quantum c
culations, but also possesses an incorrect symmetry. It
two symmetrical maxima specified by the directions of t
zero interaction strength, which in theQ case are

FIG. 6. The angular momentum distribution for low intensi
¸50.1 and interaction time much longer than the characteri
time of optical pumpingt510tcl . Left column:P transition, right
column: Q transition. Upper row: classical approximation; low
row: exact quantum solution. The distribution ‘‘whiskers’’ of th
classical picture are much narrower than the quantum uncerta
limit.
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u1,250,p, ~25!

whereas only one of these angles is supported quantum
chanically. Indeed, as was discussed in Sec. II A, the
ground-state edgem sublevels of theQ transition (m5J and
m52J) may never be equally populated under elliptica
polarized excitation~one of them may, in principle, be
empty!. This breaks the symmetry of the angular moment
distribution, and again limits the validity of the classical pi
ture.

For short interaction times,t,tcl , the spatial peaks of the
classical picture are wider than the ‘‘quantum uncertai
limit.’’ Thus, the classical approximation is valid in both th
P and Q cases as may be clearly seen in Fig. 7, where
quantum-to-classical correspondence is very good.

B. Strong-field limit

As was derived in Sec. III B, the spatial anisotropy
rbb(u,w) in the two cases of ‘‘above saturation’’ limit@¸
@1, Eq.~19!# stems from the existence of directions of slo
and fast depletion, determined by the parameter¸uV(u,w)u2.
This anisotropy of the angular momentum distribution w
show up already after the timet;g21, whereg specifies the
fast depletion rate given by Eq.~20!. On the other hand, the
spatial width of the distribution is defined by the spheric
angles (u,w) of the slow depletion directions determined b
condition ¸uV(u,w)u2!1 @Eq. ~19a!#, and the expansion o
Eq. ~15! for P and Eq.~16! for Q:

~Du!2!~¸ cos 2«!21 for cos 2«.A1/̧ , ~26a!

~Du!2!~¸!21/2 for cos 2«,A1/̧ . ~26b!

Combining Eq.~26a! ~corresponding to the elliptical polar
ization! with the quantum uncertainty limit@Eq. ~22!#, we
obtain the same identical result for both theP andQ transi-
tions under the strong field excitation. The classical appro
mation is generally valid as long as the saturation param
is not too large and satisfies the condition

FIG. 7. The angular momentum distribution for short interact
time t50.5tcl and low intensity̧ 50.1. Left column:P transition,
right column: Q transition. Upper row: classical approximatio
lower row: exact quantum solution. The classical pictures are g
erally similar to their quantum counterparts.
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¸,¸cl[J. ~27!

At the not too high intensities given by Eq.~27!, the classical
distribution in the case of aP transition is very similar to the
quantum one@Figs. 8~a! and 8~b!#. In contrast, forQ transi-
tions the comparison of the plots~c! and ~d! shows that the
classical approximation fails already at¸&¸cl . Even though
the width of theJ distribution is not limited by the quantum
uncertainty, the symmetry ofrbb(u,w) differs from the exact
quantum solution, where only one ‘‘whisker’’ builds up i
time. As was discussed before, the disagreement origin
from one ‘‘wrong’’ zero of the classical interaction Hami
tonian @Eq. ~16!#, resulting in a nondirectional~alignment-
like! anisotropy instead of a directional~orientationlike! one.
Finally, the quantum uncertainty limit is reached in the r
gime of ¸.¸cl as may be seen by comparing the plots~a!
with ~b!, and ~c! with ~d! in Fig. 9, where the classical ap
proximation fails in bothP andQ cases.

To summarize this comparison, one may draw the follo
ing conclusion: for aP(J) (J@1) transition, the classica
approximation may be used for short interaction timest
,tcl , and moderate light intensities, 1,¸,J. For Q transi-
tions, however, only the short time limit,t,tcl , allows the
use of the classical picture, and any deviation from the w
field case (̧ !1) will result in an incorrect symmetry of the
angular momentum distribution. The different behavior
the two types of transition stems from their different intern
structure, where one of theL coupling chain~P! is replaced
by the V type of coupling (Q). During the interaction with
the Q transition, the sublevels of theV configuration are
completely depopulated. This quantum-mechanical aspec
the interaction is ignored by the classical description.

V. EXPERIMENTAL OBSERVATION

A. CPT-Hanle effect

As was demonstrated above, the best manifestation of
biaxial orientation may be obtained with the stationary ell

n-

FIG. 8. The angular momentum distribution for short interacti
time t52g21 and the ‘‘above-saturation’’ but not too high ligh
intensity ¸50.5̧ cl . Left column: P transition, right column:Q
transition. Upper row: classical approximation, lower row: exa
quantum solution. The quantum-to-classical analogy holds for thP
case, but fails in the case ofQ transition.
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tical dark states. The biaxial symmetry of the angular m
mentum distribution of the EDS created within theP transi-
tion may be observed by means of CPT-Hanle configurat
as we have recently reported in Ref.@21#. The standard
Hanle effect@28,29# is manifested as depolarization of th
laser-induced fluorescence in an external magnetic field
‘‘classical’’ language, the phenomenon stems from the L
mor precession of the molecular magnetic dipole mom
~and therefore, of the entire angular momentum distributi!
around the applied magnetic fieldH with angular frequency
vJ5gJm0H/\. Here gJ is the Lande´ factor andm0 is the
Bohr magneton. Since the polarization of re-emitted phot
is sensitive to the direction ofJ, the degree of polarization o
the fluorescence, averaged over the precession time, cha
with the magnetic field@25#.

In the CPT-Hanle configuration, thetotal fluorescence
signal is measured as a function of the magnetic fi
strength. In the quantum picture, an external magnetic fi
lifts the degeneracy of the magnetic sublevels and dest
the coherent population trapping by violating the conditi
of the destructive interference between the interaction p
ways. The dark state is not stationary atHÞ0, and therefore
all molecules are excited and contribute to the fluoresce
signal, until the ground state is empty after the characteri
time top @Eq. ~6!#. At zero field, however, part of the popu
lation is trapped in the dark state and does not participat
the interaction, thus minimizing the number of re-emitt
photons. Effectively, an applied magnetic field affects
number of interacting particles, and the total fluorescenc
minimal at H50—the CPT-Hanle resonance@30,31#. Note
that even a nonzero field directed along the EDS axis will
completely ruin the CPT due to the existence of a n
coupledm sublevel@see Fig. 1~c!# which will not be mixed
with other sublevels. Thus, the resonance may be assig
not to a zero magnetic field but rather to a zero compon
along a certain direction.

As in the case of standard Hanle effect, the CPT Ha
resonances may be explained classically. Namely, the
mor precession of the total angular momentum around

FIG. 9. The angular momentum distribution for short interact
time t52g21 and very high light intensity̧ 55¸cl . Left column:
P transition, right column:Q transition. Upper row: classical ap
proximation, lower row: exact quantum solution. The EDS is
most formed, and the classical picture fails to describe theJ distri-
bution in eitherP or Q cases.
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applied magnetic field leads to the mismatch between
light polarization and the angular momentum distributio
thus destroying the dark state. The precession competes
the laser-induced orientation unless the magnetic field
orientation axes are collinear. Therefore, when one scans
direction of a constant magnetic field in the plane of the t
EDS ‘‘whiskers,’’ the biaxial geometry will result in two
Hanle resonances—one for each EDS axis.

B. Results

To verify this model experimentally, we measure the to
fluorescence signal at right angle to the mutually perpend
lar collimated collisionless atomic beam of sodium and
laser beam, resonant with the D1 F52˜F51 hyperfine
transition. The experimental geometry is depicted in F
10~a!. The ‘‘above saturation’’ laser intensity (40 mW/cm2)
and long interaction time (;400 excited state lifetimes,t
@top) assure that all atoms entering the laser beam
pumped either into the dark state (F52 ground manifold!, or
to the nonresonantF51 ground level. The time of interac
tion, regulated by the diameter of the laser beam~usually,
about 5 mm!, and the light intensity are adjusted for max
mum contrast of the CPT-Hanle signal. The light elliptici
is accurately set by a Soleil-Babinet compensator@SB in Fig.
10~a!#. The optical axis of the SB is fixed at 45 ° with respe
to the input polarizerP, which therefore defines the majo
axis of the polarization ellipse to be parallel to the atom
beam. Three pairs of Helmholz coils are used to scan

-

FIG. 10. ~a! The geometrical arrangement of the laser beam,
sodium atomic beam, and the direction of observation. PolarizeP
and Soleil-Babinet compensator SB are used to define the pola
tion ellipticity of the exciting light.~b! Mutual orientation of the
polarization ellipse, the EDS angular momentum distribution, a
the applied magnetic fieldH which is scanned in the plane of th
EDS axes~x-z plane!.
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1302 PRA 60VALERY MILNER, BORIS M. CHERNOBROD, AND YEHIAM PRIOR
direction of the external magnetic field@only two of them are
shown in the figure!. The mutual orientation of the polariza
tion ellipse, the external magnetic field, and the las
induced biaxial orientation of the atomic angular moment
are shown in Fig. 10~b!#.

The measured fluorescence intensity is given in Fig. 11~a!
as a function of the magnetic field component in thex direc-
tion, while they component is zero, and thez component is
kept fixed. In Fig. 11~b! the data is shown in polar coord
nates as a function of the magnetic field orientation angleu.
In this figure, the calculated angular momentum distribut
in the x-z plane is plotted in gray. The correspondence
tween the Hanle dips and the EDS axes is clearly visible.
a given ellipticity«, the orientation anglesu1,2 at Hanle reso-
nance are found to be in a good agreement with the theo
ical prediction cosu1,256 tan«.

It should be mentioned that the magnetic field was wea
than 8 G, meaning that the Zeeman splitting~2.8 MHz/G for
the umu52 sublevels! is less than the width of the powe
broadened transition (.25 MHz), and the interaction ma
be considered resonant with all the magnetic sublevels. F
larger magnetic field (.100 G, recently used in Ref.@32#!,
the splitting will be larger than the transition linewidth an
the number of the interacting levels will be reduced to thr
as in a ‘‘classical’’ L system. The CPT Hanle resonanc
observed in our experiment must not be confused with

FIG. 11. ~a! Measured~dots! and calculated~line! total fluores-
cence intensity as a function of thex component of the magneti
field (Hz51.5 G) for two different elliptical polarizations.~b! The
measured fluorescence intensity~dots! in polar coordinates as a
function of the magnetic field orientation angleu. Shaded region
represents the calculatedJ distribution in thex-z plane. The solid
line is the result of the numerical calculation.
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standard Hanle dips at nonzero field, corresponding to
large order laser-induced coherences even whithout the
@3#.

C. Comparison with numerical calculations

In order to calculate the fluorescence signal numerica
the full Bloch equations for the density matrix must be c
culated. However, in the case of EDS in an external magn
field, a simplified ‘‘rate equations’’ approximation may b
justified if the equations are calculated in a rotated ba
where the quantization axis is taken to be directed alo
either one of the two EDS axes. In this case, the existenc
a noncoupled sublevel (m52, in our case! with no cross
coherences ‘‘prevents’’ its population from being excited.
other words, a choice of the basis in accordance with
light ellipticity ‘‘emulates’’ the CPT by calculating the inco
herent optical pumping to a noncoupled state. In a zero m
netic field, this approximation is only partly valid, since ha
of the atoms are still trapped in the multi-L system, which is
also present in the new chosen basis@see Fig. 1~e!#. How-
ever, if the rate of magnetic dephasing~1.4 MHz/G! is larger
than the transit decay rate of the ground state (!1 MHz in
our experiment!, the coherences between the sublevels w
22,m,11 average out to zero and can safely be n
glected. Thus, this rate equation approach is expected t
valid for H.1 G, which is the case in our experiments, an
while being only an approximation, provides an intuitive e
planation for the behavior in external magnetic fields. In t
calculation, we introduced the effect of the magnetic field
an isotropic rate of the ground state sublevels popula
redistribution towards uniform~as given by the time averag
ing over many precession cycles!. The decay rate was take
to be equal to the Larmor frequency corresponding to
perpendicular~to the EDS axis! component of the magneti
field. The results of numerical calculations of the ligh
induced fluorescence intensity in the presence of an exte
magnetic field are shown by a thin line in Fig. 11~a!. Indeed,
in the region of relatively strong magnetic fields the fit
very good. Finally, it should be noted that this approximati
cannot be applied in the case ofQ transition due to the ab
sence of the noncoupled states in any chosen coordinate
tem.

VI. CONCLUSIONS

The polarization ellipticity of the exciting light provide
an additional degree of freedom in controlling the angu
momentum distribution of atoms and molecules. As we ha
shown here, very narrow spatial distributions limited by t
quantum uncertainty may be achieved onP and Q transi-
tions, which support coherent population trapping. Mo
over, in the case of aP transition, a biaxial orientation
~where the angle between the two preferential directionsJ
is determined by the light polarization! may be created. The
ensemble of particles is optically pumped into the elliptic
dark state—a coherent superposition of the ground-s
magnetic sublevels. The laser-induced coherences betw
the ground-state magnetic sublevels define the rotational
isotropy of the EDS, which therefore cannot be described
a classical object even for a large angular momentum. In
limit of long interaction times, much longer than the chara
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teristic time for optical pumping, and high laser intensitie
when the saturation parameter is larger thanJ, the quantum
nature of CPT restricts the angular dimensions of the or
tation peaks. The classical approximation, where a mole
is considered as a classical rotor, may be successfully us
the limits of moderate light intensity and short interacti
time. For Q type transitions at the ‘‘above saturation’’ re
gime of excitation, any ellipticity of the exciting light wil
result in orientationlike distribution, which cannot be pr
dicted by classical means. In contrast, the biaxial orienta
induced within theP type transitions is well described cla
sically unless the quantum uncertainty limit is approache

The preparation of molecular elliptical dark states m
prove useful for the creation of arbitrary orientation of ang
lar momentum, which does not coincide either with the lig
wave vector or with the vector of linear polarization. Indee
once the magnetic field direction is parallel to one of t
EDS axes, only one spatial peak of the angular momen
distribution ‘‘survives’’ the Larmor precession. The atoms
molecules belonging to this peak are therefore well orien
along the chosen direction, dictated by the polarization el
ticity. Thus, in order to create an arbitrary orientation, o
needs to select the ellipticity according to the desired ori
tation angle and to apply a weak magnetic field along t
direction. This method of producing arbitrarily oriented e
sembles of neutral atoms or molecules, so often require
various collision experiments, is different from the earl
technique of stimulated Raman adiabatic passage in m
level systems@33–35#. Orientation by elliptically polarized
light is less sensitive to the adiabaticity conditions and to
precise tuning of the two-photon transition, and may
.
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achieved even with incoherent source, as we have dem
strated@21#. Note also that our method for the creation of
arbitrary orientation by coherent population trapping in
magnetic field is more powerful than alignment-t
orientation transformation by linearly polarized light in
weak magnetic field@36,37#. In the latter case, the resultan
orientation is always collinear with the light propagatio
axis.

Finally, the new features of the elliptical dark states m
be utilized for the magnetometric measurement ofarbitrarily
directed weak fields, so far not possible in a standard Ha
configuration where constant light polarization determin
the magnetic field direction@38#. By scanning the light ellip-
ticity « and the polarization ellipse orientationw, the two
spherical angles@or two spherical coordinatesu1,2(«) andw#
of the magnetic field could be measured when the Hanle
is observed. The biaxial distribution of the EDS angular m
mentum will give incomplete information about the magne
field orientation, since the two EDS axes give rise to t
same Hanle resonance. Nevertheless, the two directions
be distinguished via the analysis of the degree of circu
polarization of the laser-induced fluorescence@39#. Experi-
ments are under way to utilize this possibility.
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