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Arbitrary orientation of atoms and molecules via coherent population trapping
by elliptically polarized light
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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 ahigiolecular 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 cased-efJ—1 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 prop84680-2947®9)01708-4

PACS numbd(s): 33.80.Ps, 42.50.Gy, 33.20.Sn

[. INTRODUCTION oughly studied by Ducloy2-4], Zare[5,6], Auzin'sh and
Ferber{ 7], and Bergmanf8]. In recent years, several experi-
In 1950, Kastlef1] proposed optical pumpin@OP) as a mental groups have demonstarted many important related ef-
method of producing anisotropic angular momentum distrifects such as polarization rotatid®,10], spatial splitting
bution in the electronic ground state of atoms through thd11], and spatial deflectiofl2] of laser beams propagating
resonant absorption of circularly polarized light followed by in an optically oriented medium.
spontaneous emission. Optical pumping within an energy As a rule, auniaxial (or cylindrica) symmetry of the
level which is degenerate over its magnetic sublevels can bground-state angular momentum distribution was considered
viewed as originating from the existence of sublevels which
are uncoupled from the exciting light. The population of
such(one or morg¢ uncoupled sublevels may grow if there is

spontaneous emission back to the same ground &timsed

system, or remain unperturbed while all other sublevels are (b)
excited by the light and decay to other levé&pen system

In both cases, the result of the repeated absorption-emissio

cycles of the OP process is a nonequilibrium population dis-m=-7 J+1 .0 R T m=J JH] e 0
tribution of the degenerate magnetic sublevels. In quanturr

terminology, a nonuniform population of magnetic sublevels

means a spatial anisotropy of the angular momentum. The

uncoupled magnetic sublevelsr m sublevels wherenis the (m (dm:
projection of the total angular momentuih are defined by

the type of transition and the polarization of the exciting -

light. As an example, circularly polarize@y light interact-
ing with a P type molecular transitionJ—J—1) does not

couple the sublevelmm=J,J—1 to the excited state, while
for the Q transition J—J), it is m=J which is not coupled
[see Figs. (a) and 1b)]. In both cases the OP caus&#en-
tation (axial and directional spatial distributipnof the

ground state along the wave vectorof the exciting light. 7=~/ ~/*7 e 0 M=~ St i O

Alignment (axial but nondirectional spatial distributiprof FIG. 1. Coupling schemes between tiresublevels withinP

the level may be created by linearly polarized) (excitation (jeft column andQ (right column transition. The quantization axis

which (depending on the transitipdoes not deplete the sub- s taken to be directed along the light propagatiei+-(d) for cir-

levelsm= =] (longitudinal alignmentor m=0 (transverse cular (a),(b) and elliptical (c),(d) polarization, and along the EDS

alignmeni. axis (e) and (f). Sublevels participating in the coherent population
The redistribution of the ground-state angular momentumrapping are plotted by thick lines, and the noncoupled sublevels are

due to optical pumping by polarized light has been thor-depicted by bold.
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by most authors. A single symmetry axis exists in the cases: £ge~'“'+c.c., is described by the nonstationary Sehro
of o or 7 excitation, and it is collinear with the light propa- dinger equation

gation direction or the polarization vector, respectively. For
these polarizations, if the appropriate quantization axis is
chosen, the multilevel system may be decomposed into a set
of independent two-level subsystems and @remore non-
coupled sublevés) [Figs. 1a) and Xb)]. Thus, the steady with the interaction Hamiltoniai¥(t) = — E(t)d, whered is
state density matrix remains diagonal, and the orientatiofhe transition dipole moment between tHeandJ’ states. In
(alignment of the ensemble is fully defined by the popula- the interaction picture, the solution is sought in the form
tion of the magnetic sublevels without any cross coherence

terms. However, such a convenient choice of the quantiza- (g’ L e "

tion axis is not possible for the general case of (:wbitrary\l’(t):e = /h)t‘ |2<J, am(t)ym+e = 2<J,, brn(t) ¥
(elliptical) polarization of the exciting light, when the cross m= ol 2
coherence terms cannot be avoidecity quantization basis

[Figs. Xc) and Xd)]. Several theoretical papef§,13,14  where the amplitudea(t) correspond to the excited state
analyzed the quantum interaction of a multilevel system withevels, the amplitudeb,(t) correspond to the ground-state
elliptically polarized light, but the geometrical picture of the levels, and ¢, is the eigenfunction of the unperturbed
angular momentum distribution and its experimental ramifi-HamiltonianH, corresponding to the magnetic sublevel with
cations have not been appreciated. the quantum numben. In the rotating-wave approximation,

In this article we apply an optical pumping approach ontogq. (1) reduces to a set of coupled differential equations
the general case of elliptical polarization, and show, bott16]:

theoretically and experimentally, that the result is a very

ih%‘lf(t)=[li|o+\7(t)]\lf(t), (1)

unique biaxial spatial distribution of angular momentum. ih.am(t)zvm,mflbmfl(t)+Vm,m+lbm+l(t)_'yam(t)a
Moreover, by applying a weak magnetic field, this distribu- 3)
tion is transformed into a uniaxial orientation in which the i7D()= (Vi 1m)* @me1() + (Vs 1m)* @me1(1),

symmetry axis depends on the polarization ellipticity, and
may be changed without changing the exciting light propawhere the indexm covers all possible magnetic quantum
gation direction. Consequently, our method can produce anumbers for each level andy2is added as the spontaneous
arbitrary orientationof a molecularatomig ensemble by a emission decay rate of the excited state populatzmsumed
single laser beam and a properly oriented magnetic field. equal for all subleve)s Here we assume that spontaneous
Whereaso () light optically pumps the system into a emission is the only relaxation channel of the system under
single, or at most two, uncoupled sublevel, optical pump- investigation, and consider apen transitionwhere a spon-
ing by elliptically polarized light, as we have shown recently taneously emitted photon does not bring a system back to its
[15], transfers the population into a multilevel elliptical dark initial ground state. This assumption is very well justified for
state (EDS—a coherent superposition of many magneticmolecular systems.
sublevels which is completely uncoupled from the exciting The matrix elements of the interaction Hamiltonian may
light. The analysis of the angular momentum distribution ofbe written according to the Wigner-Eckart theorem as a
the elliptical dark state requires a full quantum treatement oproduct of dynamic and angular parts:
the interaction, which is presented in Sec. Il. For higtnan-
sitions, one might expect to treat a molecule as a classical
rotor characterized by the spherical coordinates of its angular
momentumJ. The classical approach is considered in Sec.
ll, where we show that even though coherences are newhere the reduced matrix elemeht (J”||d||J’) is indepen-
glected, the spatial distribution dfmay nevertheless be es- dent on the magnetic quantum numbeksn=m-m’, and
timated and observed. In Sec. IV we analyze the nonclassicaj, .-, are the components of the polarization vector in cyclic
aspects of the resonant interaction of a molecular rotor with @oordinates.
large angular momentum, and give the limits of applicability
and the drawbacks of the classical analysis. Finally, in Seca. Coherent population trapping by elliptically polarized light
V, the method of observation and the experimental proof of o . :
biaxial spatial orientation are presented. The possiblity of,. It t_he quantization axis is chosen along the propagation
creating arbitrary orientation of atoms and molecules, an&ilrectlon of the light, then the components of the polarization
the potential utilization of the elliptical dark states for optical vector are
magnetometry are discussed in Sec. VI.

" ‘]H 1 J/
Qam (—1)7 _m'( ” 4

= X
Vin,m' = £d -m Am

qs1=—e '%co — 00=0, q_,=¢"’co A
+1 4 ’ 0 1 -1 4
Il. QUANTUM APPROACH (5

Consider a model system of two levels with energies andHere the parametet (0= <) determines the orientation
angular momentd&”,J” andE’,J’ for the ground and ex- angle of the polarization ellips¢ghe angle between its major
cited states, respectively, degenerate over the projection @xis and the coordinate axig), and tang) (— w/d<e
angular momentuniFig. 1). The interaction of this system <= /4) is the ratio between the minor and major axes of the
with resonant electromagnetic field of polarizatign E(t) polarization ellipse.
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In the case of linearly or circularly polarized radiation, the SE
degenerate multilevel system decomposes into a set of inde- e (@)
pendent two-level subsystems and noncoupled sublevels, and i AL
it is possible to find analytical solutions of E@3). The %
“edge” sublevels with the projectioorm==*J or m=J,J E‘i i
-1 (—=J,—J+1), depending on the type of transition and ~
light polarization, are noncoupled and remain populasee, 0 5 10
for example, Figs. () and 1b]. All other sublevels are emp- =5 L Qitslimes)
tied out with the characteristic ratg,, of the optical pump- 9 (b)
ing, which is the lower rate between the spontaneous emis- 5,
sion and laser excitation rates =_§ |

&
y for  x>1, R T 0 5 10
Yop™~ xy for  x<1, (6) Magnetic quantum number

FIG. 2. (a) Population dynamics of several ground state mag-
netic sublevels of &(10) transition excited by elliptically polar-
ized light (¢=0.4). The stationary ground st&feold line) nonzero
population after 10 lifetimes represents the multilevel coherent
population trapping. The excited state population is depicted by
gray lines.(b) The population distribution among magnetic sublev-
els in the elliptical dark state created withirP410) transition.

where x is the saturation parameter,

_ 1 (£d)?
* 2J+1 (zﬁy)Z

(the degeneracy factor is included as in R&f]). Note, that
in the case of a closetbr partially closed transition, the
optical pumping rate is decreased due to the possible spo
taneous emission back to the samesublevel. Nevertheless,
ygpl (top) determines the relevant time scale of the OP,
which we will use in the present analysis.

When the radiation has an arbitragglliptical) polariza-
tion, the situation is not as simplall the ground state mag-

netic sublevels are coupled to the excited s{&igs. _](c) Coherent population trapping is an importétitough not
and Xd)], and therefore an open system may be naively exqecessanycondition for the optical orientation of open sys-

pected to be emptied in a few excited state lifetimes. HOWiams. To show this, consider the properties of a dark state

ever, for P(J) (J—J—1) andQ(J) (J—J) transitions, & prenared by elliptically polarized lighfor elliptical dark
noncoupled statdyc satisfying state(EDS)]. As we have recently demonstrated in Héfl],
the character of the EDS is completely determined by the
polarization of the exciting light. Namely, thersublevel
population distribution of the ED&Fig. 2(b)] and the cross
‘coherences between them reflect the light ellipticity: the ec-
centricity and the orientation of the polarization ellipse. The
opulation distribution is very different for different transi-
ion types. Consider thd@—J transition excited by light of

ifect stems from the destructive interference of the guantum
interaction amplitudes, and was generalized by us to the
multi-A configuration[18]. Note, that transition®k(J) (J
—J+1, not shown in Fig. 1do not contain a\-type cou-
pling, and therefore do not support CIPA noncoupled state
cannot be constructed to satisfy the condition of &g

V(1) Wne=0, (7)
may still be found, as was theoretically shown in Refs
[13,14,18. Unlike the case of linear and circular polariza-
tion, ¥ is a coherent superposition ofiany ground m
sublevels. Nevertheless, the optical pumping mechanism r

mains the same: after several characteristic timgs the
system is optically pumped into the steady stdtg: and
stops absorbing or rescattering the exciting light, being in
so-calleddark state

elliptical polarization with|q,1|>|q_4| [Fig. Ad)]. The
rightmostA in the multi-A chain consists of the two ground-
Ltate sublevelsi=J— 2J andm=J—1 of the excited state.

For these sublevels we always ha\é;_1;_o|>[V;_14],
since the 3 symbol in Eq.(4) is larger for the smallefm’|.
The stationary condition for these sublevels iEq. (3)]:

In general, it is very difficult to find an exact analytical
time-dependent solution of E€B). To illustrate the temporal
behavior of a multilevel system driven by elliptically polar-
ized light, a numerical solution of Eq3) for the P(10)
transition is presented in Fig. A complete description of
the numerical procedure and analysis of different types of
transitions is given in our earlier papgi8].) The important
result shown in Fig. @) is the long time steady state popu- whence the “edge” subleveln=J) in the ground-state
lation which is achieved after the transient Rabi oscillationsmanifold is always more populatedb;|?>|b;_,|?. How-
decay. The absence of Rabi oscillations at the end of thever, for theJ—J=*1 transitions, the Bsymbol has a maxi-
process means that there is no further interaction with thenum at|m’|=J, and the last inequality is not necessarily
exciting light, even though the ground-state population istrue. In contrast, here the most populated sublevel is deter-
nonzero. On the other hand, the excited-state sublégedy  mined by the balance between the light ellipticity and ithe
lines) are not populated, attesting to the fact that this is not alependence of the corresponding $ymbol. This point is
saturation phenomenon, but rather a coherent populatioifiustrated in Fig. Zb), where the maximum of the population
trapping (CPT). CPT was originally demonstrated and is distribution clearly corresponds to an intermediatenum-
generally discussed for a three-levelsystem[19,20. The  ber.

a;-1=0, Vy_15.5b5 2+V;_15b;=0,

®
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B. Choice of the quantization axis (Fig. 3). To find the polarization vectay’ in the new coor-
Before looking at the spatial distribution of angular mo- dinate system, one has to perform the rotatiow &y angle
mentum of the elliptical dark state, it is instructive to supporté aroundy axis and then bys aroundz axis (also equivalent
the analysis by a different approach, first presented in Reto the rotation by angl® around the minor axis of the po-
[22]. Consider a new quantization axi¢6,5), which in the  |arization ellips¢: q'=U0(6,8)-q. The rotation matrix
old basis is specified by two spherical angles: an arbitrar)o((9 5) is given by[23]
angled and the orientation angle of the polarization elligse '

i ) )
2 (1+cosh) 5 inge 'Y —1(1—cosh)e 2'?
. i ) i )
u(e,s)= — —singe'’ cosé — —singe '° . 9
(6,0) 2 2 9
| i
—1(1-cosg)e?? — Esm ge'’ 1 (1+cosb)

Substitutingg from Eq. (5), it may be found that there exist noncoupled sublevel does not exist and the rotational anisot-
two values off such that for each of them the new veatdr ~ ropy is not as clear, although the presence of Mhéype
consists of one circular and one linear comporigrdtead of  coupling manifests CPT in a new basis. Note, that the change
two circulap. These two angleéwith corresponding expan- of coordinate system does not “generate” uncoupled or

sions in polarization componentare A-coupled sublevels for th& transition (not shown, ex-
plaining the absence of the dark states, which cannot depend
f,=arccostane): q’,=0, on the choice of the quantization axis.
Go=—1VCOSZ, -;= \/Esms, (103 C. Angular momentum distribution
0,=m—arcco$tans): q,=— J2sine The angular momentum distribution may be calculated
+l ' using the coherent states representaf24]. The angular
o= —iycos 2, q’,=0. (10b) momentum coherent stal® ) associated with the unit vector

n(o,¢) is defined by

If the quantization axis is now directed along the new polar-
ization vectors(hereafter referred to as the EDS axebe
selection rules becomém’=0,+1 (or Am’=0,—1). As a
result, this transformation leads to the coupling schemend corresponds to thd,M =J) state of the conventional
shown in Figs. le) and if) for P andQ transitions, respec- basis rotated by an angtearound they axis and then by
tively. In the former case, the existence of a noncoupled edgeround thez axis [same as vecton(6,d) in Fig. 3 except
sublevel with the maximum projection of the angular mo-that polar anglep is a free parameter not necessarily equal to
mentum on the EDS axisn{' =J or m’=—J) means that the orientation angle5 of the polarization ellipse In the

the dark state is formed by molecules which are oriented irtlassical limit, for largeJ, the probability density function
this direction. Since there are two such directiofs 4, a  ,(Q) may be introduced as(Q)=(Q|p|Q), wherep is the
biaxial orientation may be expected, as we have recentlyjensity matrix operator. In this limih(£2)dQ represents the
demostrated21]. In the case of & transition[Fig. 1f)], @  probability that the angular momentudnpoints inside the
solid angle dQ)=sinadéde around the spatial direction
(0,9). Thusp(Q) has a meaning of a spatial distribution of
the angular momentum. It may be obtained from the density

|Q)=exp(—i@d,)exp(—i6d,)]3J) (12)

y matrix elements in theJ,m) basis as
Q)= 2 {AJA,, €M Me[cog1/20)]2 ™™
k p m’ *m’
m,m’
FIG. 3. Spherical coordinatesd(s) of the new quantization ><[sin(1/20)]2”m+m'pmm/} (12)

axis. The wave vector of the exciting ligktis collinear with thez
axis, and the angle between the major axis of the polarization el-
lipse and thex axis is 8. where
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FIG. 4. The angular momentum distribution of the elliptical
dark state created withif® (left column and Q (right column
transition for different ellipticities of the exciting lighta),(e): ¢
=0, linear;(b),(f): £¢=0.1;(c),(g): £=0.7;(d),(h): e==/4, circular.
The arrows point the direction of the ligktvector, and the orien-
tation of the polarization ellipse is shown (h).

\/

A = 2J!
m- (J+m)l(J—m)!

An important conclusion is already derived from the simple

analysis of Eq.(12): if no coherences are create@{,,

=0 for m#m’), as in the case of linear and circular polar-
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FIG. 5. The calculated dynamics of the distribution of angular
momentum created withid=20—J=21 (left column andJ=20
—J=19 (right column transition by optical pumping with ellipti-
cally polarized light €=0.4). The interaction time i&) 7, (b) 57,

(c) 87 (7 is the spontaneous lifetime of the excited stafewo
axes of anisotropyEDS axeg are clearly seen. The absence of the
stationary state in thAJ=1 (left) case results in a severe popula-
tion loss[depicted by the scaling factor in plags) and(c)], and the
disappearance of the biaxial orientation at long interaction times.

pancakelike alignment is creatddFig. 4(e)], which then
transforms to the elongated single-peak orientatio# Q),
and finally possesses an axial symmetry wheaqualsw/4
[plot (h)].

To study time evolution of the distribution, the time-
dependent density matrix elements were found numerically
from Eq. (3). To simulate realistic situation, the initial con-

ization with a properly chosen quantization axis, a uniaxiaditions were of equally populated sublevels with no cross

distributionp(Q)=p(6) is obtained(see Fig. 4, the top and
the bottom rows For elliptical polarization, however, many

coherences between them, and the results were averaged
over random initial phases of the ground state wave function

m sublevels are coupled by coherent field, and nonzero c@mplitudesby, . In Fig. 5 the calculated time evolution of the

herence terms must be considerediy coordinate system.
The angular momentum distribution is therefor® ) de-
pendent, and will not have a single symmetry axis.

angular momentum distributiop(6,¢) is shown for two
types of transitions, AJ==1. If the interaction time is
shorter than the optical pumping tinig, [plot (a)], the spa-

The angular momentum distributions of a dark state crelial anisotropy is not very pronounced. In Figbbthe dis-

ated within theP(10) andQ(10) transitions are shown in
Fig. 4 for linear, two different elliptical, and circular polar-
izations of the exciting light. The minor axis of the polariza-
tion ellipse is taken to coincide with the vertical axig (

tribution att=5t,, is depicted, showing a similar biaxial
geometry for both cases, although the enlarged scale for
AJ=1 transition indicates a significant population loss of the
nonstationary state. After a longer interaction tifpéot (c)],

axis). In all cases the long-time steady state is considered. If€ biaxial distributiorp(6,¢) in the P case remains stable,

the P case,p(2) in general has two spatial peaks which
point along the two EDS axes defined By, in Eq. (10).
When the ellipticity parameter changes from Qlinear po-
larization) to #r/4 (circular polarizatioh, the distribution axes
“move” in the plane defined by the wave vectérof the

exciting light and the major axis of the polarization ellipse

(x-z plang. Namely, fore =0 the EDS axes are antiparallel,

resulting in a standard longitudinal alignment depicted in

Fig. 4@). They twist towards thé& vector (or rotate around
y) as e increaseq(b) and (c)], and finally merge to one
orientation peakd) for e = /4.

In contrast, in the& case, the distribution is not cyllindri-
cally symmetric but rather flattened. At=0, a transverse

as the system approaches the stationary noncoupled dark
state(EDS), while the nonstationary state is almost empty.
From the above, it is clear th& and Q transitions, which
support coherent population trapping, are the best candidates
for studying effects of optical orientation of the angular mo-
mentum in open systems.

Ill. CLASSICAL APPROACH

In the classical approach the molecule is treated as a rigid
rotator, and any possible correlations between the magnetic
sublevels are neglected. In the CPT case, this approximation
is not strictly valid due to the laser-induced long-range co-
herences between manysublevels. In this sense, the ellip-
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tical dark state is an example of a nonclassical state of &m,—7<¢@<) that characterize the direction of the classi-
molecular rotor, even in the case of a large value of thecal angular momenturtFig. 3). The indexesa andb corre-
angular momentum. The question arises, however, whethapond to the excited and ground states, respectively, and 2
the classical picture is even approximately valid for high  is the rate of spontaneous emission decay from the excited
and what are the limits of its applicability. This problem waslevel out of the systengfor simplicity we will consider a
first addressed by Drullinger and Zare in R], who stud-  totally open system, i.e., the probability of returning to the
ied the degree of polarization of laser-induced fluorescenceame ground state is zerd\ote, that we keep one-photon
in optical pumping of molecules. The comparison betweercoherences, and neglect all higher order ones.
the classical and quantum treatements of the low intensity The classical interaction Hamiltonian may be written as a
linearly polarized excitation, calculated in the rate equationproduct of the dynamic parW, and the angular part
approximation, showed that already fd®5 the results are V(6,¢)=qd*, determined by the Hermitian product of the
almost the same. At high intensities, however, serious dislight polarization vectorg and the unit vectod. Then for
agreements between the classical predictions and experime¥;,()) we have
tal observations were found. The experimentally measured
degree of polarization was much higher than its classically !
calculated value. Vap(Q)=WXV(0,0)=Wx X (~1)0qD35(0,0,¢).

The problem of the equivalence of the classical and quan- =t (14)
tum approaches was at the focus of many theoretical and
experimental workgfor a review, see Re{.25], and refer- Hereqq are the cyclic components of the polarization vector,
ences therein As was originally shown by Duclo}2,4] and D1o(0,6,¢) is the WignerD matrix, and the type of transi-
later investigated in de.pth by Auzin'sh apd FerpEQG], the  4ion'is defined byA=J,—J,. Using an explicit form of
exact(for any J) equations for the density matrp({2,Q") DL.(0,6,):
in the coherent states representation may be expanded over@ """/
the irreducible tensorial set of polarization momerp% A\Q 1 0 1
(' kQ representation). Here theQ number corresponds to
the order(in Am) of the laser-induced coherence. Since the N . 1 1 .
diagonal elements of the density matrix represent the anguldr 2(1+coso)e TSinﬁ z(1—coso)e?
momentum distribution, this distribution may, in principle,

be obtained by integrating the equations of motion of th T T
polarization moments followed by further reconstruction of \/_Z“S'nae ’ cost —Esm oee
p. For highJ’s, however, the number of equations is too

large (O<k<J, |Q|<Kk), and this method of finding be- -1 3(1—cosh)e ¢ ising 3(1+cosg)e®
comes practically impossible. On the other hand, in the clas- V2

sical limit, the off-diagonal matrix elemenig(Q2,Q)") (Q

#()") may be neglected, since the absorptiemission of  one obtains foP and R transitions A=—1 andA=+1,
one photon with spin 1 by a high+otor cannot change the respectively

direction of J substantially. In this case, the classical Bloch

equations may be written and solved analytically. In what IV(6,0)|=3[1+cogf+2A cosd sin 2¢
follows, we apply the classical approach to the case of ellip- . 1o
tically polarized light, and compare the classical and quan- —sirfgcos = cosAp—8)]"% (19

tum predictions. o ] )
where the polarization parametesrsand & were defined in

A. Classical equations for the density matrix Eq. (5). For Q transitions @=0) we find
The classical equations for the diagonal elements of the sing

density matrix were obtained by Ducldg@], and later gen- IV(6,¢)|=—=[1+cos2 cosAp—5)]. (16

eralized by Nasyrov and Shaladi@7] for a two-level system V2

with laser-induced coherences. In the rotating wave approxi-

mation and for the case of spontaneous emission as the only B. Time-dependent solution

relaxation mechanism, these equations are In Ref. [27], the steady-state solution of Eq4d.3) was
found. To prevent the emptying out of an open system, the
authors introduced an isotropic flux of molecules into the
ground and excited states. However, in many cases this

Paa( Q) =2 REIVE(Q)pan(Q)]—27paa(Q),

Ppob()=—2 REiVi,(Q)pan(Q)], (13 model is not adequate. For example, when molecules pass
_ through a laser beam, the population or the angular momen-
Pan(Q) =iV a5( D) [ ppp(Q) = pan(Q) 1= vpan(Q). tum distributionat the exitof the interaction zone is deter-

mined by the time of flight across the beam, and cannot be
As can be seen, Eq$l3) have a structure which is well found as a steady-state solution. Thus, the full time-
known for a two-level system, except for the parametric de-dependent solution of Eg€L3) is needed. If the excited state
pendence of all matrix elements on an external paranfeter was initially empty, ppp(Q) =1, paa(Q)=p.p(Q)=0, the
This parameter determines the two spherical angles {0 solution for the ground-state population is given by
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1
Jpal(y=T)%e 0D (y et

—8W|V(8,¢)|%e "], (17)

pob(0,0)=

I'=\y"—4W?|V(0,9)|°.

Although the coherent population trapping is lost in this pic-
ture (due to the omission of coherengethe angular mo-
mentum distribution of the ground-state moleculgg((2)
strongly depends on the spherical anglésg). In fact, the
ground state is not at all depleted in the directions of zero
interaction strengtiV(6,¢)|=0, if such directions exist.
For any other direction, the stationary solution is zero due to o ) ]
the spontaneous decay out of the system. FIG. 6. T.he angylar momentum distribution for low |ntens.|ty.
In terms of the interaction strength, one may consider*=0-1 and intéraction time much longer than the characteristic
strong and weak excitation, as determined by the saturatiof"® of optical pumping =10t Left column:P transition, right

parameterx:WZ/yZ. For weak excitation #<1), the ap- colu.mn: Q transition. Uppgr row: clgss!cal_appHrOX|_mat|OT; lower
. A row: exact quantum solution. The distribution “whiskers” of the
proximate solution is given by

classical picture are much narrower than the quantum uncertainty
limit.

]“\x\i\\\\\\\\\\ \
LR

\\§§§\\\\\u

quantum

Pobl 91@0)29_27%‘V(9,¢>)|2t’ 18

classical analog of the population of a noncouphadub-
fevel. Therefore, the limits of applicability of the classical
treatment may already be formulated: the width of the spatial
“whiskers” of the angular momentum distribution cannot be
smaller than the quantum uncertainty, which could be esti-
mated as

which describes the anisotropic relaxation of the ground stat
at the rateyo,=2yx|V(6,¢)|% This process results in a
(6,¢)-dependent angular momentum distribution.

For strong excitation #>1), two situations may be dis-
tinguished

V(6,0)|2<1, 19
#V(8.0)| (193 (A6)2=(32+32)/32~ 113, (22

%|V(6,¢)]?>1. (190 In the quantum picture, the elliptical dark state is completely
formed if the interaction time is longer than the time of op-

The first condition determines the directions of a ‘“slow tical pumping, which for a weak excitation:(1) is given

depletion,” when Eq(18) holds again. Along the directions b _ 2 L

X . . Y top=(%7y) " [Eq. (6)]. In this limit, from Eq.(18) and
determlned_by Eq19b), the population OSC|IIat¢s at the well _from the expansion of Eq15) around the zeros 4¥/(6, )|,
known Rabi frequency and decays to zero with an |sotropl%ne obtains
optical pumping ratey,,= v, as given by

pool .0) =€~ Moo WIV(B,0)[t]}2. (20 (A <(rtuoosB)™ for cosz>viifm,

The important conclusion of this analysis may be summa- 2 —12
. eI o ; < <+
rized as follows: for above-saturation light intensities the ori- (A6)"<(7tx) for cos = 1l/ytx, (230

entational features qf,,(0,¢) are mostly determined by the \yhere (b) defines an almost circular polarizatione (
saturation parameter, whereas in the weak-excitation regime + /4y For elliptical polarization, Eq(23a and Eq.(22)

the duration of interaction plays a key role. provide the validity condition of the classical approximation
IV. VALIDITY OF THE CLASSICAL APPROXIMATION t<tg=J(yx) " (24)
A. Weak-field limit This result is illustrated in Fig. 6, where the classitap)

Equations(17) and (15) yield the classical distribution in @nd the quantuntbottom angular momentum distributions
the case of # transition, and this distribution is depicted in &€ Presented far>t,,. (Hereafter, the ellipticity parameter
Fig. 6(@). The two narrow spatial peakéwhiskers”) of this used in our numerlcal analy_5|s is0.1 iB_rtransm_on, _and 0.7
distribution correspond to the zeros of the angular part of théﬁr Q transition) If the duration of the interaction is longer

classical interaction Hamiltoniarf\(( 6, ¢)| =0): than t;, the classical distribution is narrower than the
“quantum-uncertainty limit” and the classical treatment is
cosf ,=tans, ¢=34. (21)  not valid [compare plotga) and (b)].

The same analysis may be applied for fQetransition
One can see that these two spatial directiofis,(¢) coin-  [Figs. @c) and €d)]. Note that the classical distribution is
cide exactly with the two EDS axes determined by Eqsnot only narrower than the exact result of the quantum cal-
(109,(10Db). It is now clear(and not surprisingthat for aP ~ culations, but also possesses an incorrect symmetry. It has
transition, which supports coherent population trappingiwo symmetrical maxima specified by the directions of the
pou(6,¢) in the directions of the EDS axes represent thezero interaction strength, which in tlig¢ case are
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FIG. 7. The angular momentum distribution for short interaction  F|G. 8. The angular momentum distribution for short interaction
time t=0.5 and low intensityx=0.1. Left column:P transition,  time t=2y~1 and the “above-saturation” but not too high light
right column: Q transition. Upper row: classical approximation, jntensity x=0.5¢. Left column: P transition, right column:Q
lower row: exact quantum solution. The classical pictures are genyansition. Upper row: classical approximation, lower row: exact
erally similar to their quantum counterparts. quantum solution. The quantum-to-classical analogy holds foPthe

case, but fails in the case §f transition.
01,=0,m, (25)
) w<rxg=J. (27)
whereas only one of these angles is supported quantum me-

chanically. Indeed, as was discussed |n_$ec. 1A, the tWoyt the not too high intensities given by E@®7), the classical
ground-state edge sublevels of the transition (n=J and  gistribution in the case of B transition is very similar to the
m=—J) may never be equally populated under elliptically qyantum ondFigs. 8a) and 8b)]. In contrast, forQ transi-
polarized excitation(one of them may, in principle, be tions the comparison of the plots) and (d) shows that the
empty. This breaks the symmetry of the angular momentunyassical approximation fails already s x, . Even though
distribution, and again limits the validity of the classical pic- he width of the] distribution is not limited by the quantum
ture. . L . uncertainty, the symmetry of,,( 6, ¢) differs from the exact

For short interaction time$<t,, the spatial peaks of the quantum solution, where only one “whisker” builds up in
classical picture are wider than the “quantum uncertaintyjme As was discussed before, the disagreement originates
limit.” Thus, the classical approximation is valid in both the fom one “wrong” zero of the classical interaction Hamil-

P andQ cases as may be clearly seen in Fig. 7, where thgynian [Eq. (16)], resulting in a nondirectionalalignment-

quantum-to-classical correspondence is very good. like) anisotropy instead of a direction@rientationlike one.
Finally, the quantum uncertainty limit is reached in the re-
B. Strong-field limit gime of x>y as may be seen by comparing the pl@is

As was derived in Sec. Il B, the spatial anisotropy of With (b), and(c) with (d) in Fig. 9, where the classical ap-
poo(6,) in the two cases of “above saturation” limjte ~ Proximation fails in bothP andQ cases.
>1, Eq.(19)] stems from the existence of directions of slow 1 © Summarize this comparison, one may draw the follow-
and fast depletion, determined by the paramets( 6, ¢)|2. ing cor_mluspn: for aP(J) (J>1) tranS|t|9n, the.clas_smal
This anisotropy of the angular momentum distribution will @PProximation may be used for short interaction tintes
show up already after the tinte- y~ 1, wherey specifies the .<tc|, and moderate light |ntens!t|es§lx_<J. For Q transi-
fast depletion rate given by E€0). On the other hand, the tOnS, however, only the short time limit<t,, allows the
spatial width of the distribution is defined by the sphericalS€ Of the classical picture, and any deviation from the weak
angles ¢, ¢) of the slow depletion directions determined by field case g<1) will result in an incorrect symmetry of the

condition x| V(8, ¢)|2<1 [Eq. (19a], and the expansion of angular momentum distribution. The different behavior of
Eq. (15) for P and Eq.(16) for Q: ' the two types of transition stems from their different internal

structure, where one of th& coupling chain(P) is replaced
(AP)?<(xcosx)™t for cosx>\1/x, (268 by theV type of coupling Q). During the interaction with
the Q transition, the sublevels of th¥ configuration are

(A9)2<(x) Y2 for cosZ<1lx. (26b) com_pletely _dep_op_ulated. This quantum-mechan_ice_ll aspect of
the interaction is ignored by the classical description.

Combining Eq.(26a (corresponding to the elliptical polar-
ization) with the quantum uncertainty limftEq. (22)], we V. EXPERIMENTAL OBSERVATION
obtain the same identical result for both tAeand Q transi-
tions under the strong field excitation. The classical approxi-
mation is generally valid as long as the saturation parameter As was demonstrated above, the best manifestation of the
is not too large and satisfies the condition biaxial orientation may be obtained with the stationary ellip-

A. CPT-Hanle effect
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fluorescence

quantum

FIG. 9. The angular momentum distribution for short interaction (b)
time t=2y~1 and very high light intensityc=5x,,. Left column:
P transition, right columnQ transition. Upper row: classical ap-
proximation, lower row: exact quantum solution. The EDS is al-
most formed, and the classical picture fails to describeJttistri-
bution in eitherP or Q cases.

F1Z
tical dark states. The biaxial symmetry of the angular mo- k B ;ZZ,C;Z

mentum distribution of the EDS created within tReransi- ’

tion may be observed by means of CPT-Hanle configuration,

as we have recently reported in R¢R1]. The standard FIG. 10. (a) The geometrical arrangement of the laser beam, the
Hanle effect[28,29 is manifested as depolarization of the sodium atomic beam, and the direction of observation. PolaHzer

laser-induced fluorescence in an external magnetic field. jgnd Soleil-Babinet compensator SB are used to define the polariza-

“classical” language, the phenomenon stems from the Lar_tion ellipticity of the exciting light.(b) Mutual orientation of the
Y olarization ellipse, the EDS angular momentum distribution, and

mor precession of the molecular magnetic dipole momen : o g .
(and therefore, of the entire angular momentum distribition '€ aPplied magnetic fielt which is scanned in the plane of the
’ EDS axegx-z plane.

around the applied magnetic fieldl with angular frequency
w;=0;uoH/A. Hereg, is the Landefactor andu, is the
Bohr magneton. Since the polarization of re-emitted photon
is sensitive to the direction &, the degree of polarization of

applied magnetic field leads to the mismatch between the
ﬁght polarization and the angular momentum distribution,

o thus destroying the dark state. The precession competes with
the fluorescence, averaged over the precession time, chang@s | ser-induced orientation unless the magnetic field and

with the magnetic field25]. . orientation axes are collinear. Therefore, when one scans the
. In th_e CPT-Hanle conﬁgurauqn, theotal quorescgncg irection of a constant magnetic field in the plane of the two
signal is measured as a.funct|on of the magnetlc; f'.elgDS “whiskers,” the biaxial geometry will result in two
s_,trength. In the quantum picture, an external magnetic fiel anle resonances—one for each EDS axis.
lifts the degeneracy of the magnetic sublevels and destroys
the coherent population trapping by violating the condition
of the destructive interference between the interaction path-
ways. The dark state is not stationary-a 0, and therefore To verify this model experimentally, we measure the total
all molecules are excited and contribute to the fluorescencuorescence signal at right angle to the mutually perpendicu-
signal, until the ground state is empty after the characteristitar collimated collisionless atomic beam of sodium and a
time t,, [Eq. (6)]. At zero field, however, part of the popu- laser beam, resonant with the; IF=2—F=1 hyperfine
lation is trapped in the dark state and does not patrticipate itransition. The experimental geometry is depicted in Fig.
the interaction, thus minimizing the number of re-emitted10(a). The “above saturation” laser intensity (40 mW/ém
photons. Effectively, an applied magnetic field affects theand long interaction time 4400 excited state lifetimes,
number of interacting particles, and the total fluorescence is~t,;) assure that all atoms entering the laser beam are
minimal at H=0—the CPT-Hanle resonan¢80,31. Note  pumped either into the dark staté< 2 ground manifold, or
that even a nonzero field directed along the EDS axis will noto the nonresonarff=1 ground level. The time of interac-
completely ruin the CPT due to the existence of a nondion, regulated by the diameter of the laser bearsually,
coupledm sublevel[see Fig. 1c)] which will not be mixed about 5 mm, and the light intensity are adjusted for maxi-
with other sublevels. Thus, the resonance may be assignedum contrast of the CPT-Hanle signal. The light ellipticity
not to a zero magnetic field but rather to a zero componeris accurately set by a Soleil-Babinet compensp&8in Fig.
along a certain direction. 10(a)]. The optical axis of the SB is fixed at 45 ° with respect
As in the case of standard Hanle effect, the CPT Hanlao the input polarizeP, which therefore defines the major
resonances may be explained classically. Namely, the Lamaxis of the polarization ellipse to be parallel to the atomic
mor precession of the total angular momentum around thbeam. Three pairs of Helmholz coils are used to scan the

B. Results
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standard Hanle dips at nonzero field, corresponding to the
large order laser-induced coherences even whithout the CPT

[3].

—_

e
o

C. Comparison with numerical calculations

In order to calculate the fluorescence signal numerically,
the full Bloch equations for the density matrix must be cal-
culated. However, in the case of EDS in an external magnetic

Total Fluorescence
=
o0

07 field, a simplified “rate equations” approximation may be
justified if the equations are calculated in a rotated basis
0.6} N . where the quantization axis is taken to be directed along
01 2 3 4 5 6 either one of the two EDS axes. In this case, the existence of
Magnetic Field H, (gauss) a noncoupled subleveln{(=2, in our casg with no cross

coherences “prevents” its population from being excited. In
other words, a choice of the basis in accordance with the
light ellipticity “emulates” the CPT by calculating the inco-
herent optical pumping to a noncoupled state. In a zero mag-
netic field, this approximation is only partly valid, since half
of the atoms are still trapped in the mukisystem, which is
also present in the new chosen bdsise Fig. 1e)]. How-
ever, if the rate of magnetic dephasifigd MHz/G is larger
than the transit decay rate of the ground statel (MHz in

our experiment the coherences between the sublevels with
—2<m<+1 average out to zero and can safely be ne-
glected. Thus, this rate equation approach is expected to be
valid forH>1 G, which is the case in our experiments, and,
while being only an approximation, provides an intuitive ex-
planation for the behavior in external magnetic fields. In the
field (H,=1.5 G) for two different elliptical polarizationgb) The calculation, we introduced the effect of the magnetic field as

measured fluorescence intensigots in polar coordinates as a an _|so_trop_|c rate of the_ground _state Sublev_els population
function of the magnetic field orientation ange Shaded region "edistribution towards uniforntas given by the time averag-

represents the calculateddistribution in thex-z plane. The solid  INg Over many precession cycjeJhe decay rate was taken
line is the result of the numerical calculation. to be equal to the Larmor frequency corresponding to the

perpendiculagto the EDS axis component of the magnetic
field. The results of numerical calculations of the light-
induced fluorescence intensity in the presence of an external

.
ot
polarization

N

FIG. 11. (a) Measureddots and calculatedline) total fluores-
cence intensity as a function of thecomponent of the magnetic

direction of the external magnetic fieldnly two of them are
shown in the figure The mutual orientation of the polariza- magnetic field are shown by a thin line in Fig.(al Indeed,

.tlodn elgpée, .trlle .exter_nal Ta;}gne‘uc f|eld, alnd the Iaser~m the region of relatively strong magnetic fields the fit is
n ucr:a |QX|aF_or|entat|on of the atomic angular momentun\/ery good. Finally, it should be noted that this approximation
are shown in Fig. 1®)]. cannot be applied in the case @ftransition due to the ab-

The me_asured fluorescer_wce_ Intensity 1s given in F'ga)ll sence of the noncoupled states in any chosen coordinate sys-
as a function of the magnetic field component in xhdirec-

tion, while they component is zero, and ttzecomponent is
kept fixed. In Fig. 11b) the data is shown in polar coordi-
nates as a function of the magnetic field orientation amgle
In this figure, the calculated angular momentum distribution The polarization ellipticity of the exciting light provides
in the x-z plane is plotted in gray. The correspondence bean additional degree of freedom in controlling the angular
tween the Hanle dips and the EDS axes is clearly visible. Fomomentum distribution of atoms and molecules. As we have
a given ellipticitye, the orientation angleg, , at Hanle reso-  shown here, very narrow spatial distributions limited by the
nance are found to be in a good agreement with the theoretjuantum uncertainty may be achieved Brand Q transi-
ical prediction co9; ,= * tans. tions, which support coherent population trapping. More-
It should be mentioned that the magnetic field was weakeover, in the case of @& transition, a biaxial orientation
than 8 G, meaning that the Zeeman splitti@8 MHz/G for  (where the angle between the two preferential directions of
the |[m|=2 sublevels is less than the width of the power is determined by the light polarizatipmay be created. The
broadened transitionX25 MHz), and the interaction may ensemble of particles is optically pumped into the elliptical
be considered resonant with all the magnetic sublevels. For@ark state—a coherent superposition of the ground-state
larger magnetic field>¢ 100 G, recently used in Reffi32]),  magnetic sublevels. The laser-induced coherences between
the splitting will be larger than the transition linewidth and the ground-state magnetic sublevels define the rotational an-
the number of the interacting levels will be reduced to threejsotropy of the EDS, which therefore cannot be described as
as in a “classical” A system. The CPT Hanle resonancesa classical object even for a large angular momentum. In the
observed in our experiment must not be confused with théimit of long interaction times, much longer than the charac-

VI. CONCLUSIONS



PRA 60 ARBITRARY ORIENTATION OF ATOMS AND ... 1303

teristic time for optical pumping, and high laser intensities,achieved even with incoherent source, as we have demon-
when the saturation parameter is larger tdathe quantum strated 21]. Note also that our method for the creation of an
nature of CPT restricts the angular dimensions of the orienarbitrary orientation by coherent population trapping in a
tation peaks. The classical approximation, where a moleculghagnetic field is more powerful than alignment-to-
is considered as a classical rotor, may be successfully used gtientation transformation by linearly polarized light in a
the limits of moderate light intensity and short interactionweak magnetic field36,37. In the latter case, the resultant
time. ForQ type transitions at the “above saturation” re- grientation is always collinear with the light propagation
gime of excitation, any ellipticity of the exciting light will gxis.
result in orientationlike distribution, which cannot be pre-  Finally, the new features of the elliptical dark states may
dicted by classical means. In contrast, the biaxial orientatiome utilized for the magnetometric measuremerarbitrarily
induced within theP type transitions is well described clas- directed weak fields, so far not possible in a standard Hanle
sically unless the quantum uncertainty limit is approached. configuration where constant light polarization determines
The preparation of molecular elliptical dark states maythe magnetic field directiof88]. By scanning the light ellip-
prove useful for the creation of arbitrary orientation of angu-ticity ¢ and the polarization ellipse orientatian, the two
lar momentum, which does not coincide either with the ”ghtspherica' ang'eB)r two Spherica' Coordinat%l 2(8) and ¢]
wave vector or with the vector of linear polarization. Indeed, of the magnetic field could be measured when the Hanle dip
once the magnetic field direction is parallel to one of thejs observed. The biaxial distribution of the EDS angular mo-
EDS axes, only one spatial peak of the angular momenturfentum will give incomplete information about the magnetic
distribution “survives” the Larmor precession. The atoms orfie|d orientation, since the two EDS axes give rise to the
molecules belonging to this peak are therefore well orientedame Hanle resonance. Nevertheless, the two directions may
along the chosen direction, dictated by the polarization ellippe distinguished via the analysis of the degree of circular

ticity. Thus, in order to create an arbitrary orientation, onepolarization of the laser-induced fluorescerigé]. Experi-
needs to select the ellipticity according to the desired orienments are under way to utilize this possibility.

tation angle and to apply a weak magnetic field along this
direction. This method of producing arbitrarily oriented en-
sembles of neutral atoms or molecules, so often required in
various collision experiments, is different from the earlier
technique of stimulated Raman adiabatic passage in multi- We wish to thank I. Sh. Averbukh, M. Ben-Chorin, and R.
level systemg33—35. Orientation by elliptically polarized Ferber for useful discussions. This work was supported by
light is less sensitive to the adiabaticity conditions and to thegrants from the Israel Science Foundation and the Minerva
precise tuning of the two-photon transition, and may beFoundation.
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