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We propose a coherent beam splitter for polarized heteronuclear molecules based on a stimulated Raman
adiabatic passage scheme that uses a tripod linkage of electrotranslational molecular states. We show that for
strongly polarized molecules the rotational dynamics imposes significantly larger Rabi frequencies than would
otherwise be expected, but within this limitation, a full transfer of the molecules to two counterpropagating
ground-state wave packets is possible.
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The rapidly growing field of coherent matter-wave optics
f1g has recently been extended to quantum-degenerate fermi-
onic atomsf2g and to ultracold alkali dimersf3g, opening up
the way to the nonlinear optics of fermions and molecules
and to superchemistryf4g. So far, two methods have led to
the creation of ultracold atomic dimers: photoassociationf5g,
which results in the production of ground-state molecules;
and Feshbach resonances, which yield weakly bound dimers.
An exciting recent development is the observation of Fesh-
bach resonances between different atomic speciesf6,7g,
which hints at the possibility of creating quantum-degenerate
samples of heteronuclear dimers in the near future. Such ul-
tracold dipolar moleculessseef8g for recent developmentsd
hold much promise for applications from quantum informa-
tion f9g to fundamental studies of dipolar superfluidsf10g. In
addition, their potential for atom optics applications appears
considerable, motivated to a large extent by the ability to trap
and guide them with modest electric field gradients. In this
context, the recent demonstration of a large, centimeter-sized
storage ring f11g hints at the potential for orders-of-
magnitude improvements in neutral-particle-based inertial
sensors.

An essential step in the application of such devices to
guided matter-wave interferometry is the capability to coher-
ently split an ultracold molecular sample into two counter-
propagating beams. Ideally, this should be achieved in the
presence of the static electric fields that provide the wave-
guiding elements and help maintain control over the inherent
two-body dipole-dipole interaction by polarizing the molecu-
lar beam. However, this alignment is achieved at the cost of
exciting a number of rotational energy levels, thereby com-
plicating any beam-splitting mechanism. Hence, understand-
ing the coherent splitting of a molecular cloud in the pres-
ence of polarizing electric fields is a key step toward
molecular optics. This paper analyzes a polarizing beam
splitter that combines asquasid static electric field with a
sequence of laser pulses that split the molecules into two
counterpropagating wave packets, while simultaneously
transferring them from the weakly bound state in which they
are initially formed via Feshbach resonances to their electro-
vibrational ground state.

We consider a stimulated Raman adiabatic passage
sSTIRAPd scheme that relies on the usual “counterintuitive”
laser pulse sequencef12g. Atomic mirrors and beam splitters
based on this technique were proposed in Ref.f13g, which
demonstrated how the application of STIRAP to multilevel
atomic systems can generate coherent superpositions of at-
oms in two ground-state sublevels of opposite center-of-mass
momenta. A further extension allowing controlled splitting
was theoretically investigated and experimentally imple-
mented inf14g. Referencef15g generalized that scheme to
produce a superposition of internal states with two momen-
tum components in each. Our goal is to extend these ideas to
the realization of a large-angle beam splitter that produces a
coherent superposition ofpolarizedcounterpropagating mo-
lecular wave packets in asingle electrovibrational ground
state, an important requirement for applications such as ring
interferometers where interference can then be observed
without the application of a second STIRAP sequence. We
present the basic principle of the beam splitter in a simple
case and later discuss the impact of the rotational degrees of
freedom. For concreteness, we consider the specific example
of the RbCs dimer, for which recent theoretical spectroscopic
data are availablef16g. The key elements of the scheme are
sketched in Fig. 1, which shows the potential curves of the
RbCs dimer and the transitions involved in the STIRAP pro-
cesssad, as well as the laser geometry relative to the molecu-
lar cloudsbd. STIRAP achieves the transfer of the molecules
from the weakly bound initial state3S+ to the molecular
ground state1S+ via a counterintuitive sequence of Stokes
and anti-Stokes pulses. The feasibility of transferring ultra-
cold heteronuclear molecules produced by Feshbach reso-
nances has been investigated inf17g for a number of differ-
ent dimers including RbCs. The matching of the turning
points in these molecules implies large transition moment
and Franck-Condon factors for both the initial and the final
step of a stimulated Raman transition. In particular, the trans-
fer to theX1S+ state of RbCs used is pursued in RbCs pho-
toassociation experimentsssee Ref.f18gd.

Due to momentum conservation, the absorption of a linear
superposition of photons with opposite momenta results in a
final electronic state in a coherent superposition of two coun-
terpropagating wave packets. We are interested in realizing a
situation where the final momentum of the particles alongk0,
the transverse direction, is equal to zero,k'= uk0u+ uk±ucosf
=0, resulting in counterpropagating atomic wave packets.*Corresponding author. Email address: mrq@optics.arizona.edu
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Combined with the conservation of energy condition
s"2/2Mdsuk±u2− uk0u2d=DE, where DE is the energy differ-
ence between the initials3S+d and final sX1S+d electronic
states, andM is the mass of the molecules. Foruk+u= uk−u this
gives for the anglef

cosf = Î1 − s2MDEd/s"2uk±u2d. s1d

For the case of RbCs, we have 2MDE/ s"2uk±u2d<0.5 so that
f<30°, and consequently the momentum of the final states
is kR= uk±usinf<0.5k±.

Restricting ourselves from now on to the one-dimensional
situation of zero transverse momentum, the STIRAP Hamil-
tonian for the three-level configuration of Fig. 1 is given by

ĤSTIRAP= 3 0 V12std 0

V12std 0 V23stdcosskRzd
0 V23stdcosskRzd 0

4 ,

whereVi jstd is the Rabi frequency that describes the strength
of the electric dipole coupling between levelsuil and u jl. In
the STIRAP configuration, the pulseV23std precedesV12std,
and the population of the intermediate states2d1P+ remains
negligible. The effective Rabi frequency of the3S+→X1S+

transition is thenVstd;ÎV12std2+V23std2. It is known that
the transfer from initial to final state is robust against small
changes in the pulse parameters provided that the condition
Vt@1 is fulfilled, whereV is the peak value ofVstd.

Figure 2 shows the result of a typical numerical simula-
tion for Gaussian-shaped pulses of 1 ns duration and an ini-
tial molecular wave packet at rest,kz=0, carried out by stan-
dard numerical techniquesf19g. We note that when the
spatial extentDz of the initial wave packet is large compared
with the recoil momentum,kRDz!1, then the momentum
states before and after the adiabatic transfer are almost or-
thogonal. The problem at hand can then be thought of as a
version of STIRAP that uses a tripod linkage of electrotrans-
lational molecular states, the counterpropagating final wave

packets corresponding to distinct, quasiorthogonal states.
This suggests treating the momentum states as quasimodes
f20g, with the inclusion ofkz=0 for the initial and interme-
diate states, andkz= ±kR for the final electronic state, a pro-
cedure that greatly simplifies the numerical treatment.

The three curves of Fig. 2 show the evolution of the mo-
mentum space probability densities of the three electronic
states of interest:3S+ sbottom curved, s2d1P+ smiddle curved,
andX1S+ stop curved. The transfer of the initial wave packet
to two counterpropagating ground-state wave packets with-
out any significant population of the intermediate state is
readily apparentsnote the different vertical scales for the
intermediate state populationd and as expected, the probabil-
ity densities for the two resulting counterpropagating wave
packets are equal. We have verified numerically that the pro-
cess has the familiar robustness of STIRAP.

We now turn to a discussion of the influence of the static
electric fields used in the guiding and the alignment of the
molecules. The fact that heteronuclear molecules have a per-
manent dipole moment makes it crucial to control their ori-
entational distribution, since this determines their interaction
energy in a static external field. For the purpose of trapping
polar molecules in a static electric field, that distribution has
to be aligned. This can be achieved through “brute-force”
alignment by ramping up a quasistatic electric fieldf21,22g
over a time scale long compared with the rotation period of
the molecules. This results in a coherent superposition of
angular momentum states that interfere to produce a prob-
ability distribution aligned in spacef23g.

The wave-packet treatment considered so far can be
thought of as having considered a single rotational final state.
The full transfer process must account for a manifold of in-
terfering STIRAP transitions characterized in general by dis-
tinct detunings, the result of the slightly differing Clebsch-

FIG. 1. sad Electronic transitions used in the STIRAP process,
for the case of RbCs. The molecular energy curves are taken from
Ref. f16g. sbd The laser geometry, with the Stokes fields labeledk±

and the anti-Stokes fieldk0.
FIG. 2. Momentum space probability densities of the three elec-

tronic states of interest,3S+ sbottom curved, s2d1P+ smiddle curved,
and X1S+ stop curved as a function of time. The momentum is in
units of the recoil momentumkR. In this example, the Rabi frequen-
cies V12std and V23std are Gaussians of width equal to 1 ns, peak
value 403109 rad s−1, andV23 precedesV12 by 2 ns.
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Gordan coefficients between individual rotational states. The
rotational and orientational parts of the molecular Hamil-
tonian are given by

V̂ = BeĴ
2 + d ·E = BeĴ

2 + dEcosu, s2d

whereBe is the rotational constant,d is the magnitude of the
static dipole momentd, andE the magnitude of thesquasi-
staticd trapping and guiding electric fieldE, taken to be trans-
verse to the direction of propagation and forming an angleu
with the molecular dipole moment.

We proceed by expanding the molecular state vector in a
basis of momentum quasimodes and angular momenta as
uCstdl=Si,ki,J

cJ,ki

i stdui ,ki ,Jl, where i labels the electronic
state,ki the momentum quasimode, andJ the total angular
momentum of the moleculef24g. We assume that the Fesh-
bach resonance produces molecules in the ground stateJ

=0 of the rotational HamiltonianV̂ at zero fieldE=0. The
guiding electric field is then turned on adiabatically after
creation of the weakly bound molecules, but before switch-
ing on the STIRAP laser pulses. The rotational state of the
molecules prior to the adiabatic transfer is therefore taken to
be the ground state of the Hamiltonians2d. The angular dis-
tribution of that state depends only on the dimensionless ra-
tio w;dE/Be between the orientational and rotational ener-
gies f22g. This is illustrated in Fig. 3, which shows the
expectation valuekcosul and uCsudu2, the probability to find
the molecule in a state tilted byu with respect to the electric
field, for several values ofw. Strongly aligned distributions
require electric fields of the order of 10–70 kV/cm for the
heteronuclear dimers under consideration.

A strongly aligned state consists of many rotational states,
complicating the STIRAP by introducing a number of com-

peting molecular states. In particular, the rotational part ofV̂
has diagonal elements of the formBeJsJ+1d that introduce
detunings that significantly impact the efficiency of the STI-
RAP transfer. This is illustrated in Fig. 4, which summarizes
the results of a multilevel numerical analysis that fully ac-
counts for the dynamics associated with the rotational con-

tribution to the molecular Hamiltonian. It shows the total
transfer probabilityP3= limt→`e−p/2

p/2 duuC3su ,tdu2 where

C3su,td = o
J,k3

cJ,k3

3 stdÎ2J + 1

8p2 PJscosud, s3d

andPJscosud are the associated Legendre polynomials, as a
function of the Rabi frequencyV for several values ofw.
The most obvious consequence of the rotational dynamics is
that high transfer probabilities to the final counterpropagat-
ing wave packets now require much higher Rabi frequencies.
Figure 4 shows that for strongly polarized molecular fields,
this increase can be as much as an order of magnitude or
more. Such an increase is intuitively expected in order to
suppress the effect of the detunings of the individual rota-
tional states. To achieve full transfer requires the coupling
Rabi frequency to be significantly larger than the rotational

energy,BekĴ2l!V. Typical values ofkĴ2l for the electric
field are in the range 4–12, andBe=33109 rad s−1, giving
Rabi frequencies of orderV=1010 rad s−1, and correspond-
ing laser intensitiesI =107–108 W m−2. The positions of the
pronounced dips inP3 were found numerically to depend on
the value of the rotational constantBe, and result from inter-
ferences between the contributions of various rotational lev-
els. Except for these features, the inclusion of the rotational
dynamics,Be.0, does not significantly affect the alignment
of the final state, only the transfer efficiency. This indicates
that the STIRAP transfer is dominated by transitions that do
not change the rotational quantum numberJ between the
initial and final electronic states. Finally, we note that relax-
ing the condition that the Feshbach resonance produces mol-
ecules inJ=0 leads to the excitation of a larger number of
rotational states when applying the static field, and the need
to increaseV by an additional factor of two or so.

In summary, we have proposed a coherent beam splitter
for polarized heteronuclear molecules using a tripod linkage
of electrotranslational molecular states. The rotational dy-
namics imposes Rabi frequencies larger by about an order of

FIG. 3. Top: kcossudl ssolid lined and Du=Îku2l−kul2 sdash-
dotted lined as a function ofw. Bottom: The angular probability
distribution uCsudu2 for several values ofw.

FIG. 4. Transfer probabilityP3 vs Rabi frequencyV for several
values of the parameterw, with curves corresponding to increasing
w from left to right. The solid line shows the transfer probability for
the caseBe=0 for reference. Pulse lengtht=1 ns.
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magnitude than would otherwise be expected, but within this
limitation, a full transfer of the molecules to two counter-
propagating ground-state wave packets is possible. This of-
fers the possibility of extending matter-wave interferometry
to the promising domain of ultracold, polar molecules. This
scheme is easily extended to include several momentum
states in order to split molecular wave packets into more
exotic combinations by the application of several Stokes
pulses. The role of collisions and other many-body effects in
the efficiency of creation of molecules using STIRAP has
been discussed earlierf25,26g. We note that sinces-wave
scattering is suppressed for the case of fermionic dimers such

as RbCs, dipole-dipole interactions will be dominant. For
typical densities they correspond to interaction energies of
the order of 104 rad s−1 f27g, a value small compared to the
Rabi frequencies and hence of negligible impact on the trans-
fer efficiency. The effect of quantum statistics on the transfer
is left for future investigations.

This work is supported in part by the U.S. Office of Naval
Research, by the National Science Foundation, by the U.S.
Army Research Office, by the National Aeronautics and
Space Administration, and by the Joint Services Optics Pro-
gram.

f1g P. Meystre,Atom OpticssSpringer, New York, 2001d.
f2g G. Roatiet al., Phys. Rev. Lett.94, 040405s2005d.
f3g J. R. Abo-shaeret al., Phys. Rev. Lett.92, 230402s2004d.
f4g D. J. Heinzen, R. Wynar, P. D. Drummond, and K. V.

Kheruntsyan, Phys. Rev. Lett.84, 5029s2000d.
f5g A. J. Kermanet al., Phys. Rev. Lett.92, 033004s2004d; 92,

153001s2004d.
f6g S. Inouyeet al., Phys. Rev. Lett.93, 183201s2004d.
f7g C. A. Stanet al., Phys. Rev. Lett.93, 143001s2004d.
f8g Eur. Phys. J. D31, 149 s2004d, topical issue on ultracold di-

polar molecules, edited by J.Doyle, B.Friedrich, R.V.Krems,
and F.Masnou-Seeuws.

f9g G. K. Brennenet al., Phys. Rev. Lett.82, 1060s1999d.
f10g B. Damski et al., Phys. Rev. Lett.90, 110401 s2003d; 90,

1060 s1999d; G. K. Brennenet al., Phys. Rev. A65, 022313
s2002d; D. DeMille, Phys. Rev. Lett.88, 067901s2002d.

f11g F. M. H. Crompvoetset al., Nature sLondond 411, 6834
s2001d.

f12g K. Bergmann, H. Theuer, and B. W. Shore, Rev. Mod. Phys.
70, 1003s1998d.

f13g P. Marte, P. Zoller, and J. Hall, Phys. Rev. A44, R4118
s1991d.

f14g H. Theuer,et al., Opt. Express4, 77 s1999d.

f15g L. I. Plimak, Y. V. Rozhdestvensky, M. K. Olsen, and M. J.
Collett, Phys. Rev. A63, 023608s2001d.

f16g A. R. Alloucheet al., J. Phys. B33, 2307s2000d.
f17g W. C. Stwalley, Eur. Phys. J. D31, 221 s2004d.
f18g T. Bergemanet al., Eur. Phys. J. D31 s2004d.
f19g B. M. Garraway and K.-A. Suominen, Rep. Prog. Phys.58,

365 s1995d; N. Balakrishnan, C. Kalyaraman, and N. Sathya-
murthy, Phys. Rep.280, 80 s1997d; J. Z. H. Zhang,Theory
and Application of Quantum Molecular DynamicssWorld Sci-
entific, Singapore, 1999d; J. Yeazell and U. Turgay,The Phys-
ics and Chemistry of Wave PacketssWiley, New York, 2000d.

f20g M. G. Moore, O. Zobay, and P. Meystre, Phys. Rev. A60,
1491 s1999d.

f21g H. Stapelfeldt and T. Seideman, Rev. Mod. Phys.75, 543
s2003d.

f22g H. J. Loesch, Annu. Rev. Phys. Chem.46, 555 s1995d.
f23g T. Seideman, J. Chem. Phys.115, 5965s2001d.
f24g G. Herzberg,Molecular Spectra and Molecular Structure, I

Diatomic MoleculessPrentice-Hall, New York, 1939d.
f25g P. D. Drummond, K. V. Kheruntsyan, D. J. Heinzen, and R. H.

Wynar, Phys. Rev. A65, 063619s2002d.
f26g M. Mackie, Phys. Rev. A66, 043613s2002d.
f27g O. Dutta, M. Jääskeläinen, and P. Meystresunpublishedd.

DUTTA, JÄÄSKELÄINEN, AND MEYSTRE PHYSICAL REVIEW A 71, 051601sRd s2005d

RAPID COMMUNICATIONS

051601-4


