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Collisions of °Li, molecules with free °Li atoms reveal a striking deviation from universal predictions
based on long-range van der Waals interactions. Li, closed-channel molecules are formed in the highest
vibrational state near a narrow Feshbach resonance and decay via two-body collisions with Li,, Li, and
Na. For Li, + Li, and Li, + Na, the decay rates agree with the universal predictions of the quantum
Langevin model. In contrast, the rate for Li, + Li is exceptionally small, with an upper bound 10 times
smaller than the universal prediction. This can be explained by the low density of available decay states in
systems of light atoms [G. Quéméner, J.-M. Launay, and P. Honvault, Phys. Rev. A 75, 050701 (2007)], for

which such collisions have not been studied before.
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Recent advances in the preparation of ultracold samples
of molecules are beginning to reveal how chemical reac-
tions can occur in dramatically different ways at the quan-
tum level compared to what happens in thermal ensembles
[1]. Beyond seminal experiments demonstrating the effects
of quantum statistics and induced dipole moment on exo-
thermic atom-exchange reactions of “°K®Rb molecules
[2], there is a range of new possibilities to be explored
[1,3-5], such as controlling collisions through magnetic or
electric field tuning to access scattering resonances or level
crossings, understanding whether reactions can depend
sharply on the specific quantum state of the collision
partners or on the details of short-range interparticle inter-
actions, characterizing the outgoing states of reaction prod-
ucts, demonstrating coherent control of reaction cross
sections, and more.

There exists a simple, universal description for two-
body inelastic collisions and chemical reactions of an
ultracold molecule with another molecule or atom [6-8].
This quantum Langevin model assumes a large number of
available exit channels in the short-range part of the inter-
action potential, leading to a unit probability of loss there,
and leaving the decay rate dependent on only the long-
range van der Waals interaction between collision partners.
It has been validated in various experimental settings [1],
involving heavier alkali molecules like Rb, [9], Cs,
[10,11], KRb [2], RbCs [12], and LiCs [13].

These universal collisions have a 100% probability of
loss at short range and therefore do not depend on details of
the interaction potential there, such as scattering resonances
or reactivity determined by matrix elements between quan-
tum states. From a chemistry standpoint, it is thus more
interesting to search for examples of collisions that deviate
from universality. Such deviations should be more promi-
nent in systems with low mass and consequently a low
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density of available decay states [14,15], making °Li,,
consisting of the lightest alkali atoms, a uniquely suitable
experimental system. We observe that two-body collisions
of Li, in the highest vibrational state with free Li atoms
deviates sharply from universality, as reflected in an excep-
tionally small two-body decay coefficient. In contrast, the
rates for both Li, + Li, and Li, + Na collisions are univer-
sal. A recent experiment inferred the rate of Li, + Li decay
from atomic three-body loss, but in a model-dependent way
with uncertainty overlapping both our measurement and the
universal prediction [16].

To our knowledge this is the first experimental realiza-
tion of collisions with ultracold molecules where loss is
described by physics beyond universal long-range van der
Waals interactions [17]. Earlier work by the Rice group
reported a low decay rate for Li, + Li, collisions [18],
many orders of magnitude smaller than the universal pre-
diction. In contrast, our measurement demonstrates that
this rate is universal, addressing a puzzle that has been
prominent for the past decade.

We sympathetically cool fermionic °Li with bosonic
23Na in a magnetic trap, as described in our earlier work
[19]. The number balance as well as the final temperature
of the atoms can be adjusted by changing the Na evapora-
tion end point and the initial loading times from the two
atomic beams. We can completely evaporate Na, leaving a
pure Li gas, or interrupt evaporation partway to obtain a
Na + Li mixture. At the end of magnetic trap evaporation,
the atoms are transferred into a single-beam optical dipole
trap with 5 W power and wavelength 1064 nm. Then we
spin flip Li and any remaining Na atoms (|F, mg) =
13/2,3/2) — |1/2,1/2) and [2,2) — |1, 1) respectively)
with simultaneous Landau-Zener radio frequency (rf)
sweeps at 15 G. An equal superposition of the two lowest
Li hyperfine states |1) and |2) (corresponding to |1/2, 1/2)
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and |1/2, —1/2) at low field) is prepared by two identical,
nonadiabatic rf sweeps at 300 G, separated by 10 ms. The
second sweep compensates for small imbalances resulting
from the first. After holding for a further 500 ms, the
superposition becomes an incoherent mixture of |1) and
|2) states [20,21]. We then further evaporatively cool the Li
(with or without Na present), to T/Ty = 0.2, and transfer
the atoms into a second, more weakly confining single-
beam optical dipole trap parallel to the first one, with trap
frequencies (v, v,) = (21, 480) Hz. Optimized formation
of Li, takes place in this second trap.

Initial molecule formation experiments are done with Li
|1) and [2) states only, without Na present. The initial
number in each state is 2 X 10°, corresponding to a peak
density of 4 X 10'2 cm™3. A magnetic field sweep [22]
across the narrow SLi Feshbach resonance at B = 543 G
[16,18,23,24] (Fig. 1) converts the atoms into diatomic
molecules. These are closed-channel molecules in the
highest vibrational state of the '3 potential.

As in our previous work [19], we unambiguously
observe the signature of molecule formation by applying
a short blast of resonant imaging light to remove free Li in
the |1) state from the trap. The light mass of Li means that
it will be ejected from the trap after a single recoil, and
moreover, at 543 G the imaging transition is cycling, so a
pulse duration of 20 ws is sufficient to leave no trace of |1)
atoms. After the blast, imaging the |1) state while keeping
B below resonance gives a negligible signal, since there Li,
is invisible to the imaging light. After switching B above
resonance to dissociate Li,, we image atoms in the |1) state
as a measure of the molecule number, which for our
optimized sweep parameters gives a formation fraction of
10% or a molecule number of 2 X 10°. A second, inde-
pendent confirmation of molecule formation is obtained by
turning on a magnetic field gradient of 10 G/cm for 6 ms
while holding in trap below resonance, which pushes free
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FIG. 1. Experimental sequence for molecule formation. After

jumping near the B = 543 G resonance from above, we sweep
the magnetic field B at 0.6 G/ms across a region 1.4 G wide.
Immediately after the sweep, a short pulse of resonant imaging
light removes free Li from the trap, leaving a pure gas of Lij,.
After a variable hold time, remaining molecules are detected by
jumping back above resonance and imaging dissociated free
atoms, or B can be kept below resonance to confirm that Li, is
invisible to the imaging light.

Li atoms away while leaving the spin-singlet molecules
unaffected (Fig. 2).

For molecule decay measurements, we use two consecu-
tive blasts of imaging light, resonant with states |1) and [2),
respectively, to remove free atoms in both hyperfine states
from the trap immediately after the molecule formation
sweep. This leaves a pure sample of Li, molecules, which
undergoes rapid initial decay from their vibrationally ex-
cited state, slowing down with increasing hold time in a
way that is consistent with two-body decay from molecule-
molecule collisions (Fig. 3). The nonexponential nature of
the decay rules out that lifetimes are limited by off-
resonant excitations from the trapping laser, and we have
also checked, by holding Li, in trap at up to 8 G below
resonance, that decay rates outside the coupling region
around resonance are independent of magnetic field, as
expected. We determine a two-body decay coefficient
Bri,+Li, = 6(2) X 107'% cm3/s, with the uncertainty
dominated by systematic errors in determining densities.
The quoted result comes from averaging multiple data sets,
including those from a different crossed-beam trap geome-
try with higher initial densities.

Applying the |1) and |2) state blast beams at the end of
the hold time instead of immediately after the molecule
formation sweep allows us to measure molecule decay in
the presence of free Li atoms. The Li density is much
higher than that of the molecules, so the presence of the
atoms should significantly increase the decay rate.
Surprisingly, we find that Li gives only a small, nonobserv-
able contribution to the decay [Fig. 4(a)] when compared
to the decay from Fig. 3, corresponding to an upper bound
Bri,+1i <5 X 107" ¢cm?/s. There should be no Pauli sup-
pression of collisions for closed-channel Li, molecules
with Li [25,26]. We confirm this by checking that there is
no enhancement of the decay after spin flipping one com-
ponent of Li from [2) to |3) (|F, mp) = |3/2, —3/2)).

When Na instead of Li atoms are trapped with Li,,
significant enhancement of the loss rate is observed for
similar initial atomic densities [Fig. 4(b)], corresponding
to Bri,+na = 4(1) X 1071% cm?®/s. Na and Li only interact
weakly [27]; thus, the presence of Na has a negligible
effect on Li, molecule formation. The mixture is produced

(a) (b)
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FIG. 2. Images of Li, molecules. Absorption images of
(a) molecules dissociated into free atoms above the 543 G
Feshbach resonance, (b) molecules held below resonance where
they are invisible to the imaging light, and (c) separation of
molecules (left) and atoms (right) in a magnetic field gradient.
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FIG. 3. Lifetime of a pure sample of Li, molecules without
free atoms present. The solid line is an exponential fit up to 5 ms
hold time, giving a decay time of 8.7(5) ms, while the dashed line
is a fit to a full two-body decay function.

with the same temperature and initial Li, density as in
decay measurements done without Na.

Two-body decay of molecules is described by

g,

e = _,3L12+L12”L12 - BLi2+LinLi - BLi2+NanNa: (D
12

where n represents local densities. Experimentally, we
measure the decay of total molecule number Ny;, rather
than ng;, so Eq. (1) can be written, assuming separate
Gaussian density distributions for Li,, Li, and Na,
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FIG. 4. Lifetime of Li, in the presence of free atoms. (a) Decay
with Li (solid squares) is almost identical to the decay of the pure
Li, gas (open circles). (b) Decay with a similar initial density of
Na (solid squares) is significantly faster than the decay of the
pure Li, gas (open circles).

with 7i denoting peak in-trap densities. The various two-
body decay coefficients 8 can thus be extracted by fitting
exponential decay rates at short hold times and normaliz-
ing by the initial peak densities. The factor 23/2 accounts
for the variation of density across the trap. The effect of
deviations of density profiles from Gaussian is much
smaller than the quoted uncertainties for S.

Full expressions for trapped ideal Bose (Fermi) gases in
the local density approximation are used to calculate
peak densities fin,q;) = * ’;’7’;;{)3/ ?Liz/o(*z), where m is
the mass of the Na (Li) atom, 7 is the temperature of the
gas, and Li,(z) is the nth order polylogarithm [21]. We
determine 7 before the molecule formation sweep by fit-
ting Li time-of-flight expanded 2D column density profiles
with the fugacity z = eP* as a free parameter, giving
T/Tr = 0.2 or T = 400 nK. After the molecule formation
sweep, 711 ; is lower by a factor of 2 compared to before the
sweep, despite a molecule conversion efficiency of only
10%, because many more atoms are associated into mole-
cules that are lost via collisions with other molecules in the
time it takes to complete the sweep.

For the Li, density, the simplest assumption is that the
density distribution is proportional to the Li density profile
before the sweep, meaning that 71y ;, can be estimated from
the ratio of total numbers

Ay, = ANy, /Ny 3)

and likewise for the reduced 7i;; after the sweep. This is
valid if we neglect the complicated density dependence
of molecule formation efficiency [22] and assume that Li
atoms are selected at random from the Fermi sea to form
molecules that do not have time to reach thermal equilib-
rium. We improve on this by accounting for the effect of
equilibration. Molecules form with the same average
center-of-mass kinetic energy as the free atoms, but twice
the potential energy (due to their larger polarizability).
Assuming that equilibration distributes this excess energy
among all the degrees of freedom (according to the virial
theorem applied to harmonic traps), the cloud width is

rescaled by 4/3/4. In our experiment, Li, does not equili-
brate along the weak axial trapping direction, so the radial

cloud diameter is instead rescaled by +/7/10. This implies
that Eq. (3) underestimates the peak Li, density by about
30%, which is within the quoted uncertainty of our results,
but we nevertheless include the correction in the analysis.
This correction does not apply to 7i;; after the sweep [28].
Figure 5 shows how By, 11; deviates sharply from the
universal prediction while By;, 11, and By, 1N, are univer-
sal. In the quantum Langevin model for universal collisions
of ultracold molecules, the assumption of total loss at short
range leaves the decay rate dependent only on the long-
range van der Waals interaction via [7,8]
47ha 2uCg\1/4
B=zg , ) ,
M h

a= O.48< “
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FIG. 5. Predictions for two-body inelastic decay coefficients
from the universal model (open circles) compared to experimen-
tal measurements (vertical bars).

where the prefactor ¢ = 1(2) for (in)distinguishable colli-
sion partners accounts for wave-function symmetrization,
wm is the reduced mass of the two-body system, and with a
length scale a for van der Waals interactions expressed in
termss of the Cg coefficient. The weak Cé/ 4 dependence
means that variations of 8 come mainly from differences in
. For collisions involving weakly bound molecules, Cg
can be approximated as the sum of the corresponding
coefficients for all combinations of atom pairs involved
[13], with the atomic Cg coefficients taken from calcula-
tions [29,30].

The observed deviation from universality in Li, + Li
collisions can be explained using a full close-coupling
quantum calculation that predicts a two-body coefficient
of 5% 107" cm?/s for Li, in the least bound triplet 33}
state, and can be interpreted as a depletion mechanism
[31]. A similarly low value can be inferred for the least
bound singlet IE; state in our experiment from the same
mechanism [14]. This effect is absent for Li, + Na, Li, +
Li,, and collisions involving heavier alkali molecules,
because these all have a higher density of decay states in
the exit channel [1,14,31]. The effect is also only present
for the highest vibrational state, in which the atoms spend
the longest time near the outer turning point of the van der
Waals potential, where they do not have sufficient kinetic
energy to transfer to a collision partner in a vibrational
relaxation process. Li, in the second highest vibrational
state is expected to have an order of magnitude larger
Bui,+1i [31]. Confirming this prediction requires using a
two-photon Raman transition to change the vibrational
state.

Closed-channel molecules formed around a Feshbach
resonance in the highest vibrational state have size on the
order of the van der Waals length & [1,24], while the
universal model assumes a clean separation between loss
processes at short range and the long-range van der Waals
interaction. Our measurements show that Li, + Li, and
Li, + Na collisions are still well described by universal
predictions. This follows previous work, both theoretical
[6] and experimental [10,12], indicating that decay rates
are mostly independent of the vibrational quantum number

of the molecule. Decay of other molecules like Na, [32,33]
and Cs, [34] from their highest vibrational states also show
fair agreement with universal predictions.

Our work addresses the puzzle of long lifetimes of Li,
molecules observed by the Rice group [18]. Long lifetimes
of molecules consisting of a pair of fermions were crucial
for the exploration of the BEC-BCS crossover [21]. While
the observation of long lifetimes near a broad Feshbach
resonance [35,36] was quickly explained in terms of
Pauli suppression of collisions involving open-channel-
dominated fermion pairs [25], the other observation near
a narrow resonance has remained unexplained, since Pauli
suppression should be absent for closed-channel molecules
outside the narrow coupling region around resonance [26].
Our measurements demonstrate that the lifetimes of these
molecules are short (Fig. 3) due to Li, + Li, collisions
being universal.

We are not aware of any differences between the two
experiments that can explain the discrepancy. The atomic
densities and temperatures in both experiments are com-
parable. In addition to the results presented above, where
molecule lifetimes were measured at a constant magnetic
field, we have reproduced the magnetic field sweep during
the hold time used at Rice [37] and found no significant
lifetime enhancement. A reviewer suggested that residual
coherence between atoms in |1) and |2) states in the Rice
experiment could lead to longer lifetimes. Coherence of
the atoms can affect molecule-atom collisions, but not
molecule-molecule collisions for which the rate coeffi-
cients deduced from the two experiments differ by more
than a factor of 100 [38]. The Rice results are also incom-
patible with recent work inferring By, 11; from three-body
atomic loss [16], which has not been pointed out before.
Note that the Rice experiment deduced the presence of
molecules from differences in Li atom numbers [18],
whereas our experiment identifies Li, molecules in addi-
tion by two highly specific methods (magnetic field gra-
dient separation and survival of molecules when Li atoms
are removed by resonant light, both shown in Fig. 2).

In summary, we have observed that, for Li, molecules in
the highest vibrational state formed around a narrow
Feshbach resonance, Li, + Li collisions deviate sharply
from the universal predictions of the simple quantum
Langevin model, while Li, + Li, and Li, + Na collisions
are universal. This is the first example of collisions involv-
ing ultracold molecules with loss determined by physics
beyond long-range van der Waals interactions.

This work was supported by an AFOSR MURI on
Ultracold Molecules, an ARO MURI on Quantum
Control of Chemical Reactions, by the NSF and the
ONR, and by ARO Grant No. W911NF-07-1-0493, with
funds from the DARPA Optical Lattice Emulator program.
T.T. W. acknowledges additional support from NSERC.
We are grateful to G. Quéméner and P.S. Julienne for
many valuable discussions.

173203-4



PRL 110, 173203 (2013)

PHYSICAL REVIEW LETTERS

week ending
26 APRIL 2013

(14]
[15]
[16]

[17]

(18]

[19]

*tout@physics.harvard.edu
"Present address: Korea Research Institute of Standards and
Science, Daejon 305-340, Korea.
“Present address: Department of Physics, University of
Strathclyde, Glasgow G4 ONG, United Kingdom.
G. Quéméner and P.S. Julienne, Chem. Rev. 112, 4949
(2012).
S. Ospelkaus, K.-K. Ni, D. Wang, M. H. G. de Miranda,
B. Neyenhuis, G. Quéméner, P.S. Julienne, J.L. Bohn,
D.S. Jin, and J. Ye, Science 327, 853 (2010).
R. V. Krems, Phys. Chem. Chem. Phys. 10, 4079 (2008).
M.T. Bell and T.P. Softley, Mol. Phys. 107, 99 (2009).
M. Shapiro and P. Brumer, Quantum Control of Molecular
Processes (Wiley-VCH, Weinheim, 2011).
B. Gao, Phys. Rev. Lett. 105, 263203 (2010).
P.S. Julienne, T. M. Hanna, and Z. Idziaszek, Phys. Chem.
Chem. Phys. 13, 19114 (2011).
G. Quéméner, J. L. Bohn, A. Petrov, and S. Kotochigova,
Phys. Rev. A 84, 062703 (2011).
R. Wynar, R.S. Freeland, D.J. Han, C. Ryu, and D.J.
Heinzen, Science 287, 1016 (2000).
P. Staanum, S.D. Kraft, J. Lange, R. Wester, and M.
Weidemiiller, Phys. Rev. Lett. 96, 023201 (2006).
N. Zahzam, T. Vogt, M. Mudrich, D. Comparat, and P.
Pillet, Phys. Rev. Lett. 96, 023202 (2006).
E.R. Hudson, N.B. Gilfoy, S. Kotochigova, J. M. Sage,
and D. DeMille, Phys. Rev. Lett. 100, 203201 (2008).
J. Deiglmayr, M. Repp, R. Wester, O. Dulieu, and M.
Weidemuller, Phys. Chem. Chem. Phys. 13, 19101
(2011).
G. Quéméner (private communication).
P.S. Julienne (private communication).
E.L. Hazlett, Y. Zhang, R. W. Stites, and K. M. O’Hara,
Phys. Rev. Lett. 108, 045304 (2012).
We exclude weakly bound open-channel halo dimers near
Feshbach resonances, to which the quantum Langevin
model does not apply because their size is determined
by the resonant two-body scattering length a, which
can be much larger than the range of van der Waals
interactions.
K. E. Strecker, G. B. Partridge, and R. G. Hulet, Phys. Rev.
Lett. 91, 080406 (2003).
M.-S. Heo, T.T. Wang, C. A. Christensen, T. M. Rvachov,
D. A. Cotta, J.-H. Choi, Y.-R. Lee, and W. Ketterle, Phys.
Rev. A 86, 021602 (2012).

[20]

(21]
(22]

(23]

[24]
[25]
[26]

[27]

(28]
[29]
(30]
[31]
(32]
[33]

[34]

[35]

(36]

(37]
(38]

173203-5

S. Gupta, Z. Hadzibabic, M. W. Zwierlein, C.A. Stan,
K. Dieckmann, C.H. Schunck, E.G.M. van Kempen,
B.J. Verhaar, and W. Ketterle, Science 300, 1723 (2003).
W. Ketterle and M. W. Zwierlein, Riv. Nuovo Cimento 31,
247 (2008).

T. Kohler, K. Goéral, and P.S. Julienne, Rev. Mod. Phys.
78, 1311 (2006).

K.M. O’Hara, S.L. Hemmer, S.R. Granade, M. E. Gehm,
J.E. Thomas, V. Venturi, E. Tiesinga, and C.J. Williams,
Phys. Rev. A 66, 041401 (2002).

C. Chin, R. Grimm, P. Julienne, and E. Tiesinga, Rev.
Mod. Phys. 82, 1225 (2010).

D.S. Petrov, C. Salomon, and G. V. Shlyapnikov, Phys.
Rev. Lett. 93, 090404 (2004).

C. A. Regal, M. Greiner, and D. S. Jin, Phys. Rev. Lett. 92,
083201 (2004).

T. Schuster, R. Scelle, A. Trautmann, S. Knoop, M. K.
Oberthaler, M. M. Haverhals, M.R. Goosen, S.J.J.M.F.
Kokkelmans, and E. Tiemann, Phys. Rev. A 85, 042721
(2012).

Random loss from a Fermi-Dirac distribution leaves the
root-mean-square size of equilibrated cloud unchanged.
A. Derevianko, J. F. Babb, and A. Dalgarno, Phys. Rev. A
63, 052704 (2001).

J. Mitroy and M. W.J. Bromley, Phys. Rev. A 68, 052714
(2003).

G. Quéméner, J.-M. Launay, and P. Honvault, Phys. Rev. A
75, 050701 (2007).

T. Mukaiyama, J.R. Abo-Shaeer, K. Xu, J. K. Chin, and
W. Ketterle, Phys. Rev. Lett. 92, 180402 (2004).

V. A. Yurovsky, A. Ben-Reuven, P.S. Julienne, and C.J.
Williams, Phys. Rev. A 62, 043605 (2000).

C. Chin, T. Kraemer, M. Mark, J. Herbig, P. Waldburger,
H.-C. Nigerl, and R. Grimm, Phys. Rev. Lett. 94, 123201
(2005).

J. Cubizolles, T. Bourdel, S.J.J. M. F. Kokkelmans, G. V.
Shlyapnikov, and C. Salomon, Phys. Rev. Lett. 91, 240401
(2003).

S. Jochim, M. Bartenstein, A. Altmeyer, G. Hendl, C.
Chin, J.H. Denschlag, and R. Grimm, Phys. Rev. Lett.
91, 240402 (2003).

K. E. Strecker, Ph.D. thesis, Rice University, 2004.

The reported densities and lifetimes correspond to 8 <
2 X 10712 em?/s for both Li, + Li, and Li, + Li colli-
sions in the Rice experiment.


http://dx.doi.org/10.1021/cr300092g
http://dx.doi.org/10.1021/cr300092g
http://dx.doi.org/10.1126/science.1184121
http://dx.doi.org/10.1039/b802322k
http://dx.doi.org/10.1080/00268970902724955
http://dx.doi.org/10.1103/PhysRevLett.105.263203
http://dx.doi.org/10.1039/c1cp21270b
http://dx.doi.org/10.1039/c1cp21270b
http://dx.doi.org/10.1103/PhysRevA.84.062703
http://dx.doi.org/10.1126/science.287.5455.1016
http://dx.doi.org/10.1103/PhysRevLett.96.023201
http://dx.doi.org/10.1103/PhysRevLett.96.023202
http://dx.doi.org/10.1103/PhysRevLett.100.203201
http://dx.doi.org/10.1039/c1cp21396b
http://dx.doi.org/10.1039/c1cp21396b
http://dx.doi.org/10.1103/PhysRevLett.108.045304
http://dx.doi.org/10.1103/PhysRevLett.91.080406
http://dx.doi.org/10.1103/PhysRevLett.91.080406
http://dx.doi.org/10.1103/PhysRevA.86.021602
http://dx.doi.org/10.1103/PhysRevA.86.021602
http://dx.doi.org/10.1126/science.1085335
http://dx.doi.org/10.1393/ncr/i2008-10033-1
http://dx.doi.org/10.1393/ncr/i2008-10033-1
http://dx.doi.org/10.1103/RevModPhys.78.1311
http://dx.doi.org/10.1103/RevModPhys.78.1311
http://dx.doi.org/10.1103/PhysRevA.66.041401
http://dx.doi.org/10.1103/RevModPhys.82.1225
http://dx.doi.org/10.1103/RevModPhys.82.1225
http://dx.doi.org/10.1103/PhysRevLett.93.090404
http://dx.doi.org/10.1103/PhysRevLett.93.090404
http://dx.doi.org/10.1103/PhysRevLett.92.083201
http://dx.doi.org/10.1103/PhysRevLett.92.083201
http://dx.doi.org/10.1103/PhysRevA.85.042721
http://dx.doi.org/10.1103/PhysRevA.85.042721
http://dx.doi.org/10.1103/PhysRevA.63.052704
http://dx.doi.org/10.1103/PhysRevA.63.052704
http://dx.doi.org/10.1103/PhysRevA.68.052714
http://dx.doi.org/10.1103/PhysRevA.68.052714
http://dx.doi.org/10.1103/PhysRevA.75.050701
http://dx.doi.org/10.1103/PhysRevA.75.050701
http://dx.doi.org/10.1103/PhysRevLett.92.180402
http://dx.doi.org/10.1103/PhysRevA.62.043605
http://dx.doi.org/10.1103/PhysRevLett.94.123201
http://dx.doi.org/10.1103/PhysRevLett.94.123201
http://dx.doi.org/10.1103/PhysRevLett.91.240401
http://dx.doi.org/10.1103/PhysRevLett.91.240401
http://dx.doi.org/10.1103/PhysRevLett.91.240402
http://dx.doi.org/10.1103/PhysRevLett.91.240402

